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EXECUTIVE SUMMARY

Introduction

Numerous offshore platforms are known to have suffered dent damage from
collision with either marine vessels or dropped objects. Previous research has been
conducted on the behavior of dent-damaged tubular members, where the dent damage
was more than 25% of the member’s diameter D. This research has determined that dent
damage causes a loss of tubular member capacity. Furthermore, previous experimental
rescarch mvolving dent depths up to 15% of their diameter determined that the internal
grout repair of damaged members can restore their strength to a capacity of a non-

damaged member.

The objective of this study was to investigate the behavior of dent-damaged
tubulars having severe dent depths (>0.25D) and to evaluate the capacity of such
members after having been repaired by placing grout inside the tubular. A series of
experimental tests and analyses were conducted to achieve this objective. The results
were used to evaluate the reliability of different analytical methods to predict residual and
repaired strength. Because of the prior lack of experimental data, these existing analytical

models had not been calibrated for more severely dent damaged tubulars,

Workscope

The scope of this study was limited to long columns subjected to compressive,
concentric axial ioad ai their ends. Dent depths of 25% and 50% of the member's

diameter were investigated.

References, tbles, and figures refarred 1o appear at the end of the summary



Tests - The experimental program included nine specimens - four as-dented, four dented
and internally grouted, and one repaired using an external grouted sleeve. For each dent
depth value, two diameter-to-thickness (D/) ratios - 34.5 and 69 - were used. The sleeve
repair was tested to compare the relative effectiveness of internal versus external grouted

repairs. The geometry of each specimen is summarize in Table 1.

All specimens had a nominal diameter of 8.6235 in. and were made of ERW,
ATSM AS3 Grade B pipe. The dents were made at mid span of the columnn, opposite to
the seam weld, by controlled pressing of a steel wedge onto the tubular section (Figure
1(a)). The resulting dented section was flat at the dent trough (Figure 1(b)). The repaired
specimens were subsequently injected with a grout slurry and cured prior to testing. The

tests were set up with both ends of the column simulating a pinned boundary condition

(Figure 1 (¢)).

Analysis - The analytical part of this project involved predicting the ultimate capacities
and/or load-deformation behavior of the dented and dented-grouted test specimens
subjected to pure compressive loads. The methods of analysis used included: (1) a
theoretical formulation based on the cross-sectional behavior of a dentin a beam-column
[1,2,3); (2) semi-empirical formulations in the form of conventional unity checks and
based on test data [4,5]; (3) numerical solutions using a phenomenological model, also
based on test data and implemented in DENTA - a commercially available computer
program for dented members: (4) a moment-thrust-curvature (M-P-¢) formulation, that is
a numerical integration method of analysis that requires short column load-deformation
behavior input and for which computer programs are available, such as DDAM [6] and
DGROUT [7]; and (5) ABAQUS (8], a non-linear finite element (FE) program. The
methods were used for both as-dented and dented-grouted specimens, except that the
DENTA computer program was not used for the latter (i.e., for internal grout repaired o1
grouted sleeve repaired members). In addition to the specimens of this project, specimens
from the literature were also analyzed in order to evaluate the robustness of the analytical

methods in predicting member capacity and/or behavior for a variety of dent depths and
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D/t ratios. The geometry and experimental capacity of these other specimens is

summarized in Appendix E.

Test Results

The compression tests of as-dented specimens showed that the dents grew deeper
under the application of axial load due to the folding of the dent under the bending
moment resulting from Joad eccentricity at the dent section. This resulted in yielding of
the tubular wall in the vicinity of the dented cross section, leading to a reduction in
stiffness and axial load carrying capacity. The depth of the dent, out-of-straightness, and
diameter-to-thickness ratio were found to influence specimen residual strength, with
larger values leading to a further reduction in capacity. Figure 2(a) shows the trend of the

reduction in ultimate capacity, for various D/t ratios, as the depth of the dent d; increases,

Internal grouting of the dented members inhibited the dent growth during testing,
resulting in an increase in specimen capacity, relative to the as-dented condition. Figure 3
illustrates the load-deformation behavior of a deep dented specimen for the as-dented
(Specimen A12) and grout-dented conditions (Specimen A13), indicating the increase in
ultimate capacity due to grouting. The failure of the internal grout repaired specimens
consisted of yielding of the steel tubular in the vicinity of the dented cross section and the
formation of a plastic hinge as global buckling occurred. Again, the out-of-straightness

and diameter-to-thickness ratio of the damaged tubular was found to have an effect on the

capacity of the grouted specimens as well.

In Figure 2(b) the ratic of the as-dented to grouted-dented capacities are shown
from tests conducted under the current study and other studies reported in the literature
{9]. Dented specimens of larger diameter-to-thickness ratio benefited more from internal
grouting. The increase in strength was approximately 1.5 and 3 times the as-dented
strength for the tubulars with nominal diameter-to-thickness ratios of 34.5 and 69,

respectively. The external grouted sleeve resulted in an increase of over five times the as.
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dented strength of the tubular with a dent depth of 0.50D and D/t ratio of 69. The failure
of the grouted sleeve repaired specimen was outside and adjacent to the sleeve, where
yielding and local buckling occurred. Therefore, external grouted sleeves are more
efficient than internal grouting in restoring the strength of dented members. The capacity

results from the tests (Prgst) are presented in Table 2.

An examination of the data generated in this study and other data from the
literature [9] involving simply supported columns subjected to axial load indicates that
dent-damaged tubulars with a dent depth less than 0.20D and out-of-straightness less than
0.2% of their length can have their strength restored to that of a corresponding
undamaged tubular by the use of internal grout repair (Figure 2(c)). Specimens with
deeper dents would require the use of an external grouted clamp or sleeve, in order to

restore their strength to that of a corresponding non-damaged tubular.

Analytical Results

The experimental results in terms of ultimate strength were compared with
predictions based on analytical and semi-empirical formulations, a numerical M-P-¢
method and nonlinear finite element analysis. For the latter two methods, load-

deformation characteristics were also compared.

Analytical and Semi-empirical Formulations - An assessment of the analytical
methods to predict capacity was made by comparing calculated strengths with test data
(Prst) obtained from this project and other pertinent data extracted from the hiterature.
As shown in Figure 4, & comparison of predicted-to-experimental capacity ratios indicate
that analytical methods based on sectional behavior of beam columns tend to underpredict
capacities. The Ellinas beam-coiumn formulation [1] underpredicts on average by 13%,
whereas Ricles” formulation [9] does it by 29%. Loh's empirical formulation [3]. which

is patterned after the well know AISC unity check format, has about the same statistics as




Ellinas’, but is too unconservative for dent depths of 50% of their diameter (it should be

noted that Loh’s formulation is only defined for dent depths up to about 0.2D).

Ellinas’ formulation appears to be the most appropriate predictor of axial capacity
for deep-dented (20.30D) members left in the as-dented condition, with Loh's
formuiation being more accurate for dents less than 0.30D. However, unlike Lohl’'s
formulation that explicitly includes member end moments, as it is the case in practical
design, Ellinas’ formulation does not accommodate moments directly. Hence, there is an
incentive to extend Loh’s formulation by obtaining data on short column behavior with

deep dents, which is a requirement for Loh’s formulation in predicting the capacity of

long columns.

For the internal-grout repaired specimens, an assessment of the analytical methods
was also made. A comparison of predicted-to-experimental capacity ratios of test
specimens from the database is given in Figure 5. It is seen in this figure that the beam-
column formulation of Parsanejad [2] and the empirical formulation of Loh [5] both
predict the capacity with similar scatter (Figures S(a) and (b)) However, Loh's
formulation, being reasonably conservative at deep dents (0.50D) and having the ability

to explicitly accommodate end moments, makes it the formulation of choice.

Moment-Thrust-Curvature (M-P-¢) - As illustrated in Figures 4(d) and 5(c), ultimate
strength predictions by the M-P-¢ integration methods were conducted using computer
programs DDAM [6] and DGROUT [7]. The former program is similar to BCDENT. It is
known that BCDENT predicts well the capacity of tubulars with shaliow dents, for which

empirical M-P-¢ data exist [10].

The capacity prediction of unrepaired dented specimens by M-P-¢ exhibit more
scatter than those obtained by either Ellinas’ analytical or Loh’s empirical formulations
for the same range of dent depths and D/t ratios (see Figure 4). In particular, the scatter
increases for specimens with dente deeper than 0.20D or Dt greater than %0, Similar
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comments apply to the predictions of the grouted-dented capacities, as shown in Figure
5(c), with the additional uncertainty of the grout properties that appear to significantly
influence the capacity predictions. In fact, using values of artificially reduced grout

modulus seems to improve predictions.

The M-P-¢ method should provide, in principle, the most robust means to predict
dented member capacity in that it can accommodate more than one dent at different
locations along the member and in different orientations around the cross section, as well
as various support conditions and intermediate concentrated and/or linearly distributed
loads. However, the method requires empirical relationships between moment, axial force
and associated deformations with various D/t ratios. Since such empirical relationships
are not available for grouted-dented tubulars, the M-P-¢ predictions presented here for
internal grout repaired dented members are based on calculated relationships.
Furthermore, empirical relationships are also not available for deep-dented non-repaired
tubulars. For the M-P-¢ analysis of specimens of this research program the empirical M-
P-¢ relationships for tubulars of dent depths less than 0.2D were consequently used.
Therefore, it is not surprising to find a scatter in accuracy when the predictions are

comnpared to test data.

DENTA - As indicated in Table 2, this computer program, which is popular within the
industry, conservatively underpredicts capacity by up to 28% for the two as-dented
specimens with 0.25D dent depths (Specimens A10 and Cl0). For deep dents, the
program had convergence problems. This is not surprising, since the model used in the

program is phenomenological and is only calibrated to tests of dents up to about 0.25D.

Finite Element Analysis - Overall, the finite element method using ABAQUS was found
«6 be the most accurate predictor of capacity for the specimens in the as-dented condition
(Figure 4(d)), although it tends to have a large scatter at deep dents. For shallow dents

(less than 0.30D), the finite element method is an excellent predictor. However, the
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analysis are time consuming in that the denting process is also simulated, and a new dent

depth requires a complete new analysis.

The analysis of the grouted-dented specimens assumed full composite action
between grout and the steel. The comparisons shown in Figure 5(d) suggest that the grout
modulus can have a significant effect on the predicted behavior. In fact, an assessment of
the finite element analysis of some of the specimens in the database indicates that
capacity is over-predicted when the true grout modulus is used. Furthermore, the
predicted load-deformation response tends to be stiffer than the experimental result. As in
the M-P-¢ method, the finite element method predicts capacity better, if the value for the
grout modulus is artificially reduced to 1 ksi. Finite element solutions could not be
carried much beyond the peak load, due to the nonlinear nature of the problem on both
steel and grout materials and overall geometry. The need to substantially soften the grout
to improve the capacity prediction makes the finite element method highly suspect for

strength prediction of internal grout repaired members until a rigorous calibration is

made.

Recommendations

The new data obtained in this project suggest the following methods to predict ultimate

axial capacity of as-dented and grouted-dented members:

As-Dented Members:
¢ Use Loh’s formulation [4] up to dents of depth 0.30D.

# For dents between 30% and 50% of the member's diameter D use Ellinas’
formulation [1]. However, provisions should be made to incorporate the effect of

the end moments.




s To estimate the capacity for multiple-dent cases, in which deats are present at
different longitudinal locations and in different circumferential orientations, check
each dent at midspan, as indicated above, subjected to axial load and the moment

components resolved about the dent cross-sectional axes.

e If more accurate estimates are required for the multiple-dent case, use BCDENT,

provided that dent depths are less than 0.30D.

e For single-dent members at midspan deeper than 0.50D, conduct a finite element
analysis that includes the denting process. For deep dented cases, the shape of the
dent cross section becomes important - flat versus a hammock-shaped dent trough.

Use of flat dents is conservative.
Grouted Dented Members:

e Use Loh’s formulation [5] up to dent depths of 0.50D with the end moments
decomposed unto the dent cross sectional axes. Assume grouts typical of those
used offshore. In absence of specific data, use a cube strength of 40 MPa and a

steel-grout modular ratio of 18.

e Use of the current version of BCDENT with calculated M-P-¢ input for grout

filled tubulars is only recommended to obtain an indication of capacity.

e Unless further calibration is made, finite element analyses are not recommended

due to cost, effort, and uncertainty.
Future Work
Based on the research results, it is recommended that future research address the

following tOpics:
Vil



¢ Experimental tests of short as-dented and grouted-dented tubular columns with
dent depths between 30% and 50% of their diameter to determine the moment-
rotation behavior at constant axial load fora given D/t ratio. These test results will

acquire information on the M-P-¢ relationships needed to fully utilize BCDENT.

* Additional tests as above to study the effect of the dent cross-sectional shape
likely to occur in tubulars with relatively large D/t ratio. In this case, the dent
trough is not flat but hammock-shaped. Members with more realistic dent shape

should have significantly higher residual strength than those with flat dents.

* More extensive non-linear finite element studies of existing experimental results
in order to more thoroughly evaluate the sensitivity of predicted behavior to

modeling assumptions and to develop calibrated models.
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Pradicted/Exparimeniat Capacity:

Pradicted/Experimental Capacity

z
2 g 2
) b3 N=B0 .
15 Un-conservative o { 5 Ave = 0.71 Urr-conservative
TLe o ? a”- Cov=0.4
) o € T
5 1 - ¥ s ' £ 1
054 < ¢+ Ne=s0 ¢ 305“ & 0"‘:\‘”0 %
' Ave = (.87 B S 2
Cov =0.19 g i
0 ¥ T H ¥ @ g T H : * Y
0 0.1 0.2 a5 g & @ 0.1 0.2 0.3 0.4 05 06
Normisizd DertDept, 4,0 Normalized Dent-Depth, ¢ /D
(a) Ellinas’ Beam-Column Formulation [1] (b} Ricles’ Beam-Column Formutation [9]
z
g ? *
&
© 5 Un-conservative
=1
. f
E «M ﬂ;‘& . o
& ' [+] *
= ‘ﬁ%% N=60
5 0.54 Ave = .91
5 COV = 0.20
% o T T Y T 1
& gp 0.1 0.2 0.3 04 0.8 0.6
Normalized Dent-Depth, d /D
(c) Loh's Beam-Column Formulation [3]
z z
G 2
N=70 -1
i Ave =0.80  yn.conserative Q] . ;
15 COV =0.19 B 15 Un-conservative
o . = ? é - * ?
1 v 514 @
%% wp® * . H A i M .
b o At @ & N=32
6.57 aa . 5 0.57 Ave = 1.0
: ki COV =010
I T T H 7 T g 0 Y T g ; T g T
o 8.1 0.2 0.3 0.4 0.5 06 & g 0.1 0.2 0.3 0.4 0.5 0.6

Normalized Dent Depth, c;de

{d} Numerical Moment-Curvature Approach
{Program DDAM] [6]

Normnalized Dent-Depth. d /D

(£} Nonlinear Finite Element Analysis [8]

T Ricles ef a1 93} A Taby 085

O Smithetai {7681 & Pachecoco & Durkin ('88)

 Landel & Lotsbery 7827 4F Ricles el gl (87

8 Ostapenkso 83) & P Program

Figure 4 Comparison of Various Methods te Calculate Capacity of Dented Tubular Members.

AV



2 2
82 G 2
& & Un-conserative g Un-conservative
515 2% N
5 P < s ! 5 # e O f
E z«-&% * { E 4 %f‘% —* <
5 & g 3 @
2 N=62 & &% N=62
B 0.5+ Ave = 1.03 = 05+ Ave = (.84
g COV=0.19 5,5’ CoOv =022
R ; T [ — ? . o
R 0.1 0.2 0.3 0.4 0.5 66 & g 0.1 4.2 0.3 G4 0.5 0.6
Normalized Dent-Depth, d./o Neormalized Dent-Depth, d,/0
(a) Parsanejad's Analytical Formulation {2] (b) Loh’s Semi-Empirical Formulation [5]
g 2 § 2 AT 3
=3 & C7 E_=3622 ksi) Un-coﬂsewaﬁve{ & e :3%7;2 i {Eg=g;;? iy (Eq=3498 ksl Un-conservat
C 454 Co {E_=3507ksi} &y FO C8 (£g=3507 ki)
g'® a  ® + AT1 (Eg=3498 isi) £ & (Eget i ® r'd A13(EQ=3970 Jei
5 & -, e e (E,=3477 i) & 5 S anaEg= iﬁi)--...:‘\
£ £ e R e
g S o + CHE_=1 ki) . e 1 o é \ i .
a 4 \j‘” g * g - o =1 ke C13 Eg=3024 ke
X * * . =1 ki LINP
4 g 54 o \211 Eg=1 kst N=62 205 Eo=tieh gy N=14 €13 g1 isi)
L et b} MES)  Ave = 0.96 £ Egm1is) Ave = 102 J
P COV =018 5 =
‘g 0 H T H H H .g G T 13 T T N T COV (1){}3 F
a 0 0.1 0.2 0.3 04 a5 0.6 G 8] 0.1 0.2 0.3 04 05 0.6
Normalized Dent-Depth, a,0 Normatized Dent-Depth, d./0
{c) Numerical Moment-Curvature Approach (d) Nenlinear Finite Element Analysis [8]
(Program DGROUT ) [7]
3 Ricles etal 92} 4 Boswel: & D'Melio (90 & P Program
O Parvanejsd of ol (87871 & Ricles etgl /871

Figure 5 Comparison of Various Methods to Calculate Capacity
of Grouted- Dented Tubular Members.

PALT







ACKNOWLEDGMENTS

This report describes the work performed in Area Three of the project “Residual
Strength and Repair of Damaged and Deteriorated Offshore Structures” at Lehigh
University, Department of Civil and Environmental Engineering (Le-Wu Lu, Chairman).
The project was within the managerial structure of ATLSS (Advanced Technology for
Large Structural Systems, John W. Fisher, Director). Area Three entitled “Repair of
Dented Tubular Columns - Whole Column Approach” was directed by Dr. James M.
Ricles and was one of three areas, with Area One directed by Dr. Alexis Ostapenko and
Area Two directed by Dr. Stephen P. Pessiki. The tests of Area Three were all conducted
in the Imbt Laboratory located at ATLSS. The computations were conducted using the
computer facilities located at ATLSS as well as at the Lehigh University Computer

Center.

The project was sponsored as a Joint Industry Project by the following: EXXON
Production Research Company (Contract: PR-14257), Minerals Management Service
(DOD (Contract: 14-35-0001-30719), Mobil Technology Company (Contract: 055-20-
017), and Shell Offshore, Inc. (Contact: ANE-090193-KAD). The financial support
provided by these organizations is greatly appreciated. The authors of this report are
indebted for the advice and guidance of the following representatives of these
organizations: Jaime Buitrago (EXXON), Douglas R. Angevine (Mobil), Charles E.
Smith (MMS/DOI), and Kris A. Digre (Shell).

The authors are thankful to Perry S. Green, a graduate student ir the Department
of Civil and Environmental Engineering who assisted in conducting the grouted sieeve
test and gave valuable guidance on the use of the computer program ABAQUS. The
authors are also thankful to undergraduate students Trevor Dolena, John Matthew, Lisa
Rios, and Peter Schonwetter who assisted in various aspects of this study. Thanks are also

expressed to Frank Stokes, Robert Dales, John Hoffner, and others of the technical staff

of the Irnbt Laboratory.
Xviii







TABLE OF CONTENTS

EXECUTIVE SUMMARY
ACKNOWLEDGMENTS
TABLE OF CONTENTS

CHAPTER 1 - INTRODUCTION

I.1. Project Organization

1.2. Research on Tubular Columns with Dent Damage
1.3. Description of Current Study

1.4. Gutline of the Report

CHAPTER 2 - EXPERIMENTAL PROGRAM

2.1. Test Matrix
2.2. Test Specimens
2.2.1. Specimen Geometry
2.2.1.1. Initial Geometry
2.2.1.2. Infliction of Dent-Damage
2.2.1.3. Damaged Geometry
2.2.2. Material Properties
2.2.2.1. Tensile Coupon Tests
2.2.2.2. Stub-Column Tests
2.2.2.3. Grout Compressive Strength Tests
2.2.2.4. Bond Tests
2.3. Internal Grout Repair Methodology
2.4. Grouted Sleeve Repair Design
2.5. Experimental Test Set-up
2.6. Instrumentation and Data Acquisition
2.7. Test Procedure

CHAPTER 3 - EXPERIMENTAL BEHAVIOR
3.1. Behavior of Damaged, Non-repaired Specimens
3.1 Test Series 1 - 0.25D Dent-Depth
3.1.2. Test Series 2 - 0.50D Dent-Depth
3.1.3. Summary of Behavior for Damaged, Non-repaired Specimens
3.2, Behavior of Damaged, Internal Grout Repaired Specimens
3.2.1. Test Series 3 - 0.25D Dent-Depth
3.2.2. Test Series 4 - 0.50D Dent-Depth, Internal Grout Repair
3.2.3. Test Series 5 - 0.5D Dent-Depth, Grouted Sieeve Repair
3.2.4. Dissection of Grout Repaired Specimens

KiX

2-3

2-4



3.2.5. Summary of Behavior for Damaged, Grout Repaired Specimens 3-21

CHAPTER 4 - ANALYSIS OF EXPERIMENTAL RESULTS 4-1
4.1. General 4-1
4.2. Moment-Axial Load Interaction 4-2

4.2.1. Non-repaired Specimens 4-2
4.2.2. Internal Grout Repaired Specimens 4-4
4.3. Specimen Residual and Repaired Strength Assessment 4-5
4.3.1. Effect of Dent-Damage on Ultimate Capacity 4-5
4.3.2. Effectiveness of Internal Grout and Grouted Sleeve Repair 4-7
4.4. Comparison of Experimental Results with Theoretical Predictions 4-9
4.4.1. Analysis of Non-repaired Specimens 4-10
4.4.1.1. Simplified Strength Equations and Beam-Column Analysis Methods  4-11
4.4.1.2. Moment-Thrust-Curvature {M-P-@) Based Method 4-17
4.4.1.3. Finite Element Method (FEM) 4-20
4.4.2. Analysis of Internal Grout Repaired Specimens 4.23
4.4.2.1. Simplified Strength Equations 4-23
4.4.2.2. Moment-Thrust-Curvature (M-P-®) Based Method 4-26
4.4.2.3, Finite Element Method (FEM) 4-30
4.5. Repair Feasibility Study 4-34

CHAPTER 5 - SUMMARY AND RECOMMENDATIONS 5-1
5.1. Summary 5-1
5.2. Recommendations 5-7

5.2.1. Recommendations for Application of Completed Research 5-7
5.2.2. Recommendations for Future Research 5-9
REFERENCES 6-1

TABLES

FIGURES

APPENDIX A - SPECIMEN MEASURED OUT-OF-STRAIGHTNESS FOLOWING

DENTING A-1

APPENDIX B - SPECIMEN MEASURED DENT PROFILES B-1

APPENDIX € - ABAQUS INPUT FILE FOR SPECIMEN A0 - DENTED, NON-
REPAIRED SPECIMEN ANALYSIS C-1

APPENDIX D- ABAQUS INPUT FILE FOR SPECIMEN A1l - DENTED, INTERNAL
GROUT REPAIRED SPECIMEN ANALYSIS D-1

XX



APPENDIX E- DATABASE OF UNREPAIRED AND INTERNAL GROUT
REPAIRED DENT-DAMAGED TEST SPECIMENS

EEL

E-1






CHAPTER 1
INTRODUCTION

L.1. Project Organization

This Joint Industry Project “Residual Strength and Repair of Damaged and

Deteriorated Offshore Structures” at Lehigh University covered the following three areas

of research:

Area One -
“Corrosion Damage - Effect on Strength”

with Dr. Alexis Ostapenko, Principal Investigator

Area Two -

“Corrosion Damage - Assessment in the Field”

with Dr. Stephen P. Pessiki, Principal Investigator

Area Three -

“Repair of Dented Tubular Columns - Whole Column Approach”

with Dr. James M. Ricles, Principal Investigator

This report describes the research conducted in Area Three on the general topic

entitled “Tubular Columns with Deep Dents.”

1.2. Research on Tubular Columns with Dent Damage

Tubular steel members are the primary type of structural element used in an
offshore structure because their shape tends to minimize lateral hydrodynamic forces,

provide high member torsional rigidity, and possess the same structural properties in all
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directions. Under lateral impact loading however the circular cross-section of these
members is susceptible to localized denting. Statistics have indicated that the largest
single type of offshore accident, accounting for nearly 30% of all incidents, mvolves
collisions or impacts into platform members [Ellinas and Valsgard, 1985]. The effect of
dent damage is a reduction in member capacity. The residual strength of dent-damaged
members must therefore be determined in order to evaluate the structural reliability of the
structural system as well as identify the need for repair. To ensure that repairs are

adequate for maintaining the structure’s safety, the residual strength of repaired members

must also be determined.

Numerous studies have been conducted on the residual strength of dented
tubulars. These studies have included both analytical and experimental investigations,
which have focused primarily on the behavior of non-repaired, dent damaged tubular
members. Most of the experimental effort has involved small scale specimens, with a few
tests involving large scale specimens [Smith et al. 1979, 1981; Taby et al. 1981, 1985,
1986, 1988; Pacheco and Durkin 1988; Ueda and Rashed 1985: Landet and Lotsberg
1992; Ricles et al, 1992, 1994a; Ostapenko et al. 1993]. A majority of the specimens had
the damage limited primarily to a dent depth of 15% of the tubular’s diameter. A few tests
have been conducted with the specimens having a dent depth of approximately 20% of
the member’s diameter. More recently, Ricles et al. [1997] conducted two large-scale

tests on specimens having dent depths of 30% of their diameter.

The above experimental research all found that dent-damage causes the wall of
the cross-section in the dent saddle to grow inwards under the application of axial load,
causing yielding in the tubular which leads (o a reduction in member capacity. The

residual strength was found to be smaller in specimens of greater dent depth,

In addition to the above experimental studies, several analytical studies on non-
repaired dent-damaged tbulars have also heen conducted [Ellinas 1984; Taby et al. 1981,

{085, 1086, 1988 Loh et al. 1992; Loh 1993; Ricles et al. 1992, 1994a, 1996; Duan et al.
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1993; Kim 1992; Pacheco and Durkin 1988: Maclntyre 1991; Salman 1994; Ostapenko et
al. 1993]. These analytical investigations have included approaches that ranged in

complexity from simple closed-form beam column solutions to extensive non-linear finite

element analysis.

Fewer studies have been conducted to evaluate the repair of dent-damaged
tubulars. A majority of these studies have focused primarily on the effectiveness of
injecting grout inside a tubular to improve strength. Tests have been conducted where the
dent depths were up to 15% of the member’s diameter [Parsanejad 1987; Parsanejad and
Gusheh 1992; Tebbet and Forsyth 1987; Boswell and D’Mello 1988; Ricles et al. 1992:
1994a]. More recent tests have been conducted by Ricles et al [1997] on internal grout
filled tubulars having dent damage as large as 30% of their diameter. These tests were
complemented by analytical studies on the predicted performance of internal grout
repaired damaged tubulars [Parsanejad 1987; Parsanejad and Gusheh 1992: Loh 199]:
Ricles and Fan 1996; Ricles 1996]. The results of these studies indicated that internal

grout repair can increase a dent-damaged tubular’s residual strength.

A review of previous research indicates that there is a lack of test data associated
with the residual strength and internal grout repair of dented tubulars with more severe
damage. In addition, there is a lack of comparison of the predicted behavior of non-
repaired and repaired dent-damaged tubulars of more severe damage using existing

analytical models. The topic of this study addresses these aspects.

1.3. Description of Current Study

The project described herein included nine tests on dent-damaged long twbulars
under concentric axial loading. The dent depth of the specimens was 25% and S0% of
their diameter. Four of the tests were on non-repaired tubulars, with an additional four
tests conducted on internal grout repaired tubulars. One of the tests was on a damaged
tubular with a dent depth of 50% of the diameter, in which the specimen was repaired
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using a grouted sleeve. Each repaired specimen had dent damage and a geometry that

corresponded to a non-repaired specimen.

Measurements taken during the tests enabled the general behavior and residual
strength of the non-repaired specimens to be established. The effectiveness of internal
grout repair for a given dent depth was made by directly comparing the measured
response of corresponding non-repaired and repaired specimens. The influence of the
extent of damage on the effectiveness of the use of grout to rehabilitate a dent damaged
tubular was performed by comparing the results of the repaired specimens having

different amounts of damage.

Analysis of the non-repaired and repaired specimens were conducted using several
different existing methods. These analytical methods included: (1) beam-column
formulations; (2) moment-thrust-curvature integration; and (3) non-linear finite clement
analysis. The analysis results, combined with those of analysis of specimens conducted in

previous studies, were used to evaluate the effectiveness of the various analytical methods

in predicting member capacity.
1.4. Outline of the Report

Four chapters of this report are used to document the description of the test

program and the results of the tests and analytical study.

Chapter 2 describes the four non-repaired test specimens and five repaired test

specimens, test setup, instrumentation, and test procedure.

Chapter 3 presents the test observations of the non-repaired and repaired
specimens. Results for each specimen’s load-deformation relationships, dent growth, and

dented cross-sectional strain data are given and discussed.



Chapter 4 gives an evaluation of the moment-axial load interaction of each
specimen at its dented cross-section. An assessment of the specimen residual strength and
repaired strength is presented. In addition, the results of the comparison of the

experimental results with theoretical predictions is also presented.

Finally, Chapter § summarizes the work performed in this project and lists the
general conclusions as well as recommendations for the use of the results of the study.

Recommendations for future research that is needed is also given in this chapter.







CHAPTER 2
EXPERIMENTAL PROGRAM

This chapter describes the test matrix, experimental test set-up, repair
methodologies, test procedures, and reports the geometric and material properties for
specimens. The experimental program involved the testing of 9 large-scale tubular
bracing members having a nominal D/t ratio of 34.5 and 69. Non-repaired specimens as
well as grout repaired specimens, and a grouted sleeve repaired specimen were tested.
Each specimen was loaded in compression under concentric axial force to failure in order
to study the influence of dent-damage on member performance. Following their denting
to a specified dent-depth, each of the repaired specimens were either internally grouted or
a sleeve placed over the dented region and the annulus grout filled. The effectiveness of
the repair of these specimens was evaluated by comparing their response to that of the

corresponding non-repaired specimens. The nominal dent-depths of the specimens was

0.25D to 0.5D.

2.1. Test Matrix

The matrix of the test specimens is summarized in Table 2.1, with the specimen
diameter-to-thickness (D/t) ratio and normalized dent-depth (dy/D) plotted in Figure 2.1.
Of the nine specimens in the test matrix, four were repaired by internal grouting and one
by a grouted sleeve. These repaired specimens had geometric properties (i.e., D/t ratio
and thickness t), as well as degree of damage (i.e., dent depth dy and out-of-straightness
8y} that were similar to that of corresponding non-repaired specimens. The evaluation of
the repair methodology was achieved by comparing the performance of the non-repaired
specimens with that of the repaired specimens which had a similar dent-depth (dy) and
global out-of-straightness (8,). In addition, the lost in member strength from denting was
evaluated by comparing the damaged, unrepaired specimen capacity with the theoretical

capacity based on SSRC’s Column Curve | [Galambos, 1988].
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To facilitate the discussion, the specimens have been classified by dent-depth and

repair methodology, resulting in five test series. Each of the test series are summarized

helow:

Series 1 - Testing of two dent-damaged, non-repaired specimens (Specimens A 10
and C10) with a nominal dent-depth of 0.25D. The nominal D/t ratio for the

specimens was 34.5 and 69, respectively.

Series 2 - Testing of two dent-damaged, non-repaired specimens (Specimens Al2
and C12) with a nominal dent-depth of 0.50D. The nominal D/t ratio for the

specimens was equal to 34.5 and 69, respectively.

Series 3 - Testing of two internally grout repaired specimens (Specimens A1l and

C11) with a nominal dent-depth of 0.25D. The nominal D/t ratio for the

specimens was equal to 34.5 and 69.

Series 4 - Testing of two internally grout repaired specimens (Specimens Al3 and

C13) with a nominal dent-depth of 0.5D. The nominal D/t ratio for the specimens

was equal to 34.5 and 69.

Series 5 - Testing of one grouted sleeve repaired specimen (Specimens C15) with

a nominal dent-depth of 0.50D and nominal D/t ratio of 69.

All internally grout repaired specimens had their inside wall surface in a clean,

painted condition (i.e., no corrosion or mill scale existed). The effect of surface condition

on the sirength of the repair was investigated under the companion study by Ricles et al,

{19971, where it was found not to significantly affect the repair. The outside surface of

Specimen C15 of the present study was sand blasted over the area where the external

grouted sleeve was fitted. The sand blasting was done in order to achieve a uniform

roughness of approximately 3 mils which could be used as a reference for any subsequent

s
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tests by either the investigators or other researchers,

2.2. Test Specimens

The 9 test specimens were fabricated from hot-rolled electric resistance welded
(ERW) carbon steel structural tubing of ASTM AS53 Grade B Type E material. A pair of
specimens, having the same D/t ratio, were cut from the same 40 foot long tubular as
shown in Figure 2.2, with the remaining portions of the tubular being used for tensile
coupon and stub column material tests. An exception to this was the fabrication of
Specimens A12 and A13. For these specimens, the lack of availability of material made
it necessary to cut the undamaged outer third portions of specimens tested under the
companion study [Ricles et al. 1997]. These cut segments were then welded together, as
shown in Figure 2.3, to form Specimens A12 and A13, In joining the segments, their

longitudinal welds were aligned.

Dent-damage was imposed at the midspan of each specimen, directly opposite of
the longitudinal weld seam. The measured cross-sectional dimensions, global
imperfections, and material properties of all test specimens conformed to all API

minimum standards for structural steel tubulars before being damaged [API RP-2A-

LRFD, 1993].
2.2.1. Specimen Geometry

The specimens were designed to model dent-damaged diagonal bracing members
of fixed offshore platforms. The size of each rest specimen was chosen 1o closely
represent & large-scale model of a typical prototype bracing member found in fixed
platforms existing in U.S. waters. Nominal values for the slenderness ratio {(KL/t) and
the column slenderness parameter () were selected from typical design parameters and
set at 60 and 0.65 to 0.70, respectively. The outer diameter (D) to wall thickness (1) ratios

(DY) of 34.5 and 69 selected for the specimens covers the range of most fixed offshore
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platforms in the Gulf of Mexico. A nominal outside diameter of 8.625 inches was
selected for all specimens in order to accommodate the test frame fixture and facilitate
testing. With this diameter, each specimen of this study represented a two-thirds to full-
scale model of typical diagonal bracing, depending on the platform geographic location
and water depth. The length (L) of the specimens was approximately 15 feet, and was
based on the prototype slenderness ratio of kL/r = 60. A summary of measured specimen

dimensions, initial out-of-straightness (8,), and geometric test parameters are presented in

Tables 2.2 and 2.3, respectively.
2.2.1.1. Initial Geometry

Measurements of specimen diameter (D) and thickness (1) were taken, the former
by means of caliper measurements at 90 degree spacing around the circumference of the
cross-section, at five locations along the length of the tube. The mean thickness was
determined from the average of four micrometer readings at each end of the tube. Mean
values and statistical parameters for all measurements are reported in Table 2.2. All

cross-sectional measurements were found to be well within standard tolerances [API RP-

2A-LRFD, 1993].

Initial out-of-straightness (8,) was measured using a surveying level with a
leveling rod of 1/100 inch gradients. Each test specimen was placed in its horizontal test
position and supported only at its ends, as it would be during a test. At fifteen stations
along the length of the tube measurements were taken at four positions around the
circumference of the cross-section, spaced at 90 degree intervals and originating at the
weld,  Corrections to the recorded data were made to account for any slope in the
laboratory floor. A typical plot of member out-of-straightness {8, prior to damage 18
shown in Figure 2.4, Maximum values for out-of-straightness (8} for each specimen are
reported in Table 2.2 where they have been normalized by their length (1), The measured
member initial out-of straightness (8) of all of the members fall well below the API

tolerance of 8. < L/960 TAPI RP-2A-LRFD, 19931
24




2.2.1.2. Infliction of Dent-Damage

During denting to the targeted dent depth (dy) global bending was minimized by
uniformly supporting the tube throughout the middle section during the denting sequence.
For the specimens to be dented to a depth of 0.25D this support was provided by a bed of
Hydrostone (Hydrostone Gypsum Cement, United States Gypsum, Chicago, IL) over a
length of 48 inches. The specimens to be dented to 0.5D depth were supported by a

neoprene pad. The latter was found to produce less out-of-straightness damage during

denting to a depth of 0.5D.

The method of denting of the specimens to 0.25D is shown schematically in
Figure 2.5 and photographed in Figure 2.6. The dent was imposed using a 600 kip Satec
universal testing machine (Satec Systems Inc., Garden City, PA) under displacement
control. The dent was applied along the top longitudinal surface of the tfube such that the
fold of the dent saddle was perpendicular to the tube axis. The dent was formed by
loading the tubular under displacement control with a knife-edge device having a tip
radius of approximately one-quarter of an inch. Figures 2.7 shows this knife edge device.
The sharp edge simulated the geometry of a sharp, rigid structure which might impact the
prototype brace in the field. The denting load was imposed until the dent-depth (dg)
reached the targeted amount. A caliper was used to measure the dent-depth, by measuring
the distance from the middle of the dent saddle to the underside of the tubular and
subtracting this dimension from the original measured diameter . Bf:caﬂse a some
elastic rebound was experienced when denting the tubes, in some specimens several trials
were necessary to carefully obtain the correct dent-depth. Typical load-displacement
relationships during denting to a depth of 0.25D for specimens with D/t = 34.5 and 69 are

saown in Figures 2.8(a) and by, respectively.
2.2.1.3. Damaged Geometry

After imposing the dent-damage, the dent geometry and damaged out-of-
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straightness (8,), (i.e., global bending), were measured for each specimen. The
measurements are summarized in Table 2.4, In addition to dent-depth (dg}, the dent-
width (wq) was also measured using a caliper in conjunction with a scale with gradients
of 0.01 inch. Figure 2.9 illustrates these recorded geometric dimensions used to deseribe
the dent-damage of each specimen. Damaged out-of-straightness was measured in the
same manner as that used for the initial out-of-straightness. The dent profile for each
specimen was measured at 1 inch increments along the top surface of the tube over a
distance of 24 inches on either side of the center of the dent. The method used to

measure the dent profile was the same as that used for measuring the dent depth during

the denting of the tube.

A typical plot of member out-of-straightness (8;) after the infliction of dent-
damage is shown in Figure 2.10. Typical measured dent profiles for each dent-depth are
shown in Figure 2.11. Photographs of the dent-profile of specimens with dent-damage of
0.25D and 0.5D in depth are given in Figure 2.12. Dent profiles of specimens with
different D/t ratios for a given dent-depth were observed not to vary by any appreciable
amount. Plotted measurements for all specimens are given in Appendices A and B for the

out-of-straightness and dent depth, respectively.

As a point of interest, Figure 2.13 shows a plot of the normalized measured
member out-of-straightness (8,/L) as a function of measured dent-depth (dy/D). Included
in this figure are the measurements for the companion study [Ricles et al. 1997, which
used the same denting procedure in conjunction with a Hydrostone support bed. Figure
2.13 illustrates, despite efforts to control global bending during denting, that an
approximate parabolic increase in the out-of-straighiness {By/1.) oceurs as the depth (dg) of
applied dent-damage increases. Members with larger D/t ratios are shown in Figure 2. I3

to have less out-of-straightness at a specified dent-deptn.
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2.2.2. Material Properties

As noted previously, all test specimens were fabricated from hot rolled electric
resistance welded (ERW) carbon steel structural tube of ASTM AS3 Grade B Type E
material. The ASTM AS53 specification mandates a minimum yield stress (o) of 34 ksi,
however, it does not specify a maximum yield strength. Over the past few vears, the
introduction of recycled steels containing diverse alloys to the production process has
become more popular by the mills that manufacture the majority of steel tube and pipe
produced today. In addition, pressure to optimize the quantity of material being produced
at these facilities has increased the rate at which the steel tubulars are fabricated, and
subsequently has increased the rates at which these members are cooled. As a result, the
yield strength of newly fabricated ASTM AS53 tubes has on average increased to stresses
that typically range from 55 to 70 ksi. Tensile coupons taken from the tubulars of this
test program confirmed that the groups of specimens with D/t ratio of 34.5 had a yield
strength of 60 ksi with an ultimate tensile strength of 70 ksi, virtually no yield plateau,
and 23 percent elongation (see Figure 2.14). This material was not representative of the
steel commonly used in the construction of many existing offshore platforms. A majority
of U.S. platforms are at an age of at least fifteen years old [Leblanc, 1994]. Many of
these older platforms, the focus of this program, were constructed of a mild grade steel,
such as ASTM A7 or ASTM A36, although some were constructed of relatively higher
strength grades like ASTM A441. These milder grade steels, however, typically had a
yield stress in the range of 33 to 42 ksi, a well defined yield plateau that reaches a strain
of approximately 10 to 20 times the yield strain, and 25 to 35 percent total elongation.
For the current test program, tubulars with D/t = 34.5 possessing these mild steel
characteristics were not readily available from any supplier, therefore, it was necessary o
have the tubulars annealed to create material propertics more representative of the
prototype structures.  On the contrary, as shown in Figure 2.14, the material for the
tubulars with a D/t ratio of 69 possessed a more representative stress-strain relationship in

terms of yield strength, tensile strength, and elongation, and therefore was not annealed.
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Several sample tensile coupons were annealed and tested to confirm the annealing
procedure to be used for the specimens with D/t = 34.5 (see Section 2.2.2.1. for tensile
coupon test procedures). After confirming the process, the specimens were then annealed
in a vertical hanging position to minimize distortions of the cross-section. The annealing
process consisted of heating the tubes to 1650° F for thirly minutes and then furnace
cooling (turning off the furnace and allowing the specimens to cool very slowly over a
twenty-four hour period) to below 750° F. After annealing, additional tensile coupons
were tested and the steel vield and tensile strengths were observed to have been lowered
to 40 ksi and 60 ksti, respectively. The steel also developed a yield plateau that had a
length that reached a strain ten times the yield strain, with total elongation of over 25%,
The annealed tubes with D/t = 34.5 therefore had material properties more representative

of the in-situ material found in the older offshore platforms studied in this program.

In addition to tensile coupon tests, other material tests were performed to obtain
additional mechanical properties of the test specimens. Stub-column tests were
performed to evaluate the compressive yield strength and the degree of residual stresses
in the tubulars tubes, the latter being more applicable to the specimens not annealed.
Compression tests were conducted on all grout mixtures in order to determine their
respective compressive strengths (7). The average bond stress between the internal
grout and steel tubular was estimated by a series of bond tests. Procedures and results

from these material tests are described below, with results reported in Table 2.5.
2.2.2.1. Tensile Coupon Tests

Tensile properties of the steel tubular specimens were determined by conducting
standard tensile coupon tests. Tensile coupons were machined according o ASTM
Specification E8-91 [“Standard” [991] with a width of 1.5 inches and a gage length of 8
inches. Three coupons were taken from the end regions of each specimen. As shown in
Figure 2.2, the coupons were cut in the longitudinal direction of the tube at an angle of 90
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degrees from each other around the circumference of the cross-section, originating at, but

not including the weld.

The coupons were tested according to SSRC Technical Memorandum B.7
[Galambos, 1988] in a 120 kip Tinius-Olsen (Tinius-Olsen Machine Co., Willow Grove,
PA) displacement controlled universal testing machine. An eight inch mechanical
extensometer incorporating two linear transducers, one on each side of the coupon, was
used to measure the average strain over the coupon gage length and to eliminate effects of
longitudinal curvature in the coupon measurements (see Figure 2.15). The coupons were
tested at a strain rate of 0.0025 inches per minute for dynamic measurements. A static
reading was taken in the yield plateau of the stress-strain curve by holding the axial
displacement and allowing the load resisted by the specimen to stabilize over a duration
of approximately five minutes. Several static readings were taken in the yield plateau to
establish the static yield stress. Elongation measurements were taken after testing.

Typical stress-strain plots for each D/t ratio are shown in Figures 2.16(a) and (b).

Reported in Table 2.5 are the measured Young’s modulus (E), yield stress (ay),
ultimate stress (0,), strain at the onset of strain hardening (eg); strain at maximum stress
(€4); strain at fracture (£m,), and the slope Eg, of the stress-strain relationship at the onset
of strain hardening. These values in Table 2.5 are the average of the three tensile coupons
of each specimen after annealing. Also incladed in Table 2.5 is the compressive yield

stress, based on stub-column tests.
2.2.2.2. Stub-Column Tests

One stub-column for each tubular from which a pair of specimens were cut were
tested to determine the effect of local buckling and longitudinal residual stresses on the
strength of the fabricated tubulars. The stub-column tests were performed in accordance
with SSRC Technical Memorandum B.3 [Galambos, 1988]. The stub-columns were saw

cut from the end of the tubular from which two specimens were obtained (see Figure 223,
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and annealed along with the specimens. Since the test specimens with a D/t ratio equal to
69 were not annealed, the corresponding stub columns were also not annealed. Each stub
column was thirty inches in length, or approximately 3.5D, and had a ten inch gage
length. Each stub-column specimen was placed directly on the pedestal of the 600 kip
Satec universal testing machine. Cardboard bearing material was used at both ends to
eliminate any stress concentrations due to burrs at the saw cut ends. A machine plate was
then placed on the top of each stub-column. A wet Hydrostone grout mixture was placed
on top of the plate and the machine head was lowered until the Hydrostone grout
squeezed out from all sides of the plate, leaving approximately 1/16 to 1/8 inches
between the machine and the plate. Using Hydrostone in this manner enabled a proper

alignment of a stub-column to be achieved, resulting in & uniform longitudinal stress

distribution.

Instrumentation of the stub-columns consisted of four 1.5 inch linear transducers
placed over the gage length, at 90 degree spacing around the circumference of the stub-
column to record axial shortening during the compressive testing. Head travel and
applied load were also recorded. The stub-column test set-up is shown in Figures 2.17
and 2.18. For the stub columns with D/t = 34.5 the displacement transducers were held in
place by tack welding studs to the tube, whereas for the stub columns with D/t = 69 the
instrumentation was held in place by using wood blocking and metal straps tensioned

around the circumference of the tube (not shown).

During the testing of the stub-columns a loading rate of 0.01 inches per minute
was used for the dynamic measurements. Several static readings were taken by stopping
the loading and holding head displacement until the load maintained by the specimen had

stabilized, requiring & pause of approximately five minutes.

Typical stress-strain curves for the two values of D/t are shown in Figures 2.19(a)
and (b). The stub-column test resuits for the annealed tubulars with D/t of 34.5 show that

the annealing process had eliminated all residual stresses from fabrication. For these stub
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columns their elastic slope abruptly ends when the overall yield capacity is reached. In
contrast, the elastic slope of the specimens with a D/t of 69 began to show softening
around 86 percent of the overall compressive yield capacity. This implies that the level of
compressive residual stress was about 14 percent of the overall yield stress of the
material. After yielding developed across the entire section, a vield plateau became
present in all stub-columns and was used to measure the overal] compressive vield stress.
At this point, the stub-columns with D/t = 69 locally buckled at their ends and the axial
load deteriorated. The stub-columns with a D/t ratio of 34.5 exhibited a stress-strain
curve that reached approximately 12 times the yield strain. At this strain, the stub-
columns began to strain harden before developing multiple local buckles at midspan. The
compressive yield stress obtained from the stub-columns are shown in Table 2.5 to

corresponded well to those results from the tensile coupon tests,
2.2.2.3. Grout Compressive Strength Tests

Grout mixes of API Class A portland cement combined with densified microsilica
and high water/cement (w/c) ratios were used to achieve a targeted 28 day compressive
strength of 6000 psi. The densified microsilica flour provided good pumpability and
replaced cement to increase the w/c ratio, while increasing hydration of the remaining
cement.  The internally grouted and grouted sleeve specimens each required
approximately 5.5 and 1.9 cubic feet of grout, respectively. A typical grout mix consisted

of a 65 to 70 percent w/c ratio by weight. Microsilica flour per weight of cement was set

at 20 percent.

A sample of grout was taken from the grout batch after each specimen was
pumped full and used 1o mold two inch cube specimens in accordance with ASTM C109-
92 [“Standard” 1992] for subsequent determination of the grout compressive strength
{f'g). All cubes were cured in a water-lime bath at ambient temperature unti} immediately
before testing in a 60 kip Tinius-Olsen displacement controlled universal testing machine.
Com.pressive strengths are given in Table 2.6 and are based on the average of three to six
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cubes on the day of testing the corresponding repaired specimen.

The grout elastic modulus (E,) was initially measured directly from the stress-
strain curves of the grout cube compressive test. A typical measured compressive stress-
strain relationship for a grout cube is shown in Figure 2.20. This method tended to vary
greatly form cube to cube and was determined to be unreliable. In addition, this method
did not allow easy correlation with modulus values measured from cylinder tests used in
some capacity prediction equations [Loh 1991]. A more effective method to estimate the
grout elastic modulus (Ey) was proposed by Lamport [1988]. This method is based on a
modified version of ACI Equation 8.5.1 [“American” 1992] which relates the concrete
cylinder compression strength (f°c) and density {w,) to the elastic modulus of concrete
(E.). Lamport showed that a reasonable approximation of the grout elastic modulus (Ey,)
could be obtained by using the grout density (w,) in place of the concrete density (w.) and
by substituting the grout cube’s compressive strength (') with an 20 percent reduction
for the concrete cylinder strength (f°.) into the ACI equation. The resulting modified
version of ACI Equation 8.5.1 is therefore:

E,= wg‘-5-33 0.8, 2.1

Shown in Figure 2.21 is data of the elastic modulus from the grout cylinder tests
by Lamport [1988] plotted against corresponding grout cube compression strengths from
the companion study by Ricles et al. [1977]. Good correlation is seen in Figure 2.21
between test data and Equation (2.1), where a value of 133 pounds per cubic foot was

used for the grout density (wg) in the modified ACI equation.

To provide an independent verification of Hquation (2.1}, in the companion study
by Ricles et al. {19771 two - 4 by 8 inch cylinders were cast with grout in accordance with
the procedures outlined in ASTM Specification C192-90z {“Standard” 1990]. Both
cylinders were tested in accordance with ASTM Specification C39-86 [“Standard” 1986]
after 28 days of curing to determine their compressive cylinder strength and directly

measure the grout elastic modulus. The results of both of these tests are presented in
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Table 2.7 and the measured stress-strain curves shown in Figure 2.22.

The results for E, from these tests were used in conjunction with °, from grout
cube tests to develop data points that are included in Figure 2.21, and designated as
“Bruin 2-inch cube”. These results also showed good agreement with Equation (2.1
Satistied with the agreement, the elastic modulus of grout for all internal grout repaired

specimens were calculated using Equation (2. 1) and are reported in Table 2.6.

2.2.2.4. Bond Tests

The average bond stress between the internal grout and steel tubular was
estimated in the companion study by Ricles et al. 1997 by testing a series of bond
specimens for standard and simulated poor bond conditions. In this study, each of the
bond test specimens consisted of a fifteen inch long segment of tube with D/t = 46, with
its longitudinal axis oriented vertically and subjected to compression. The interior
surface of the specimens were cleaned of any loose mill scale and debris. To create the
“poor bond” condition a light 90 weight hydraulic oil was spread uniformly on the

interior surface of the steel tube prior to casting of grout.

All specimens were filled with thirteen inches of grout, where at the top surface
the grout was cast flush with the steel tube, while at the bottorm a two inch space was left
between the grout and the end of the steel tube (see Figures 2.23(a) and (b)). Each bond
test specimen was placed onto the pedestal of the 600 kip Satec universal testing machine
with the bare steel end downward and prepared for testing in the same fashion as the stub-
columns (see Section 2.2.2.2.). Axial compressive load was applied directly 1o the
internal grout at the top of the bond test through the placement of a circular stee] piate o
a bed of Hydrostone which rest exclusively on the interior grout. An additional plate was
placed on the circular plate and the Satec head was lowered before the Hydrostone

completely solidified to seat all components and to ensure even distribution of load in the

2-13



grout. This configuration allowed the applied load to transfer from the grout to the steel
tube exclusively by the shear action developed in the bond between the inside face of the
steel tube and the internal grout. Instrumentation was set-up such that the applied axial
load, Satec head travel, and relative axial displacements between the steel and nternal
grout were recorded. The relative axial displacement was measured by averaging the
readings over a gage length of 10 inches of four displacement transducers spaced at 90

degrees intervals around the circumference of the bond test specimen (see Figure 2.23).

The average bond stress-axial displacement relationship of a standard and
lubricated bond specimen is shown in Figure 2.24, where the average bond stress is equal
to the applied load divided by the surface area of the grout in contact with the steel tube.
This figure shows that the relationship between the average shear stress and axial
displacement is linear up to the critical stress at which the bond between the grout and
steel fails. For the standard bond specimen, the critical stress was 132 psi, while the
reduced bond specimen achieved a maximum capacity of only 31 psi, representing a
reduction of 76 percent in the maximum average bond stress. After initial failure, each
test specimen resisted approximately 60 percent of its peak capacity through sliding

friction.

2.3. Internal Grout Repair Methodology

Following the infliction of damage to the internal grout repaired specimens, each
tube was then fitted with two end plates to provide containment of the grout at its ends.
Each of these end plates had machined and tapped holes to facilitate the installation of
grout ports. A standard one-inch gate valve was inserted into the inlet port to enabie
pressurized injection of the grout into the specimens. The outlet port consisted of a three-
foot vertical standing pipe. The end plates were tensioned into position and secured by
the means of tightening four lengths of all thread rod that passed through both end piates
which had been fitted onto each end of the specimen. In addition, foam spacers were
placed inside of the specimen and prior to placement of the end plates. These foam
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spacers would create a void in the grout at each of the specimen’s ends (see Figure 2.25)

to allow the direct application of the axial load through the ends of the steel tubular

during testing.

A grout pump with a one-inch diameter hose was utilized in the grout injection.
The specimens were inclined approximately 45 degrees to simulate field conditions and
the grout was injected from the low end and pumped to the high end. The grouting set-up
is shown in Figure 2.26. Grout was pumped under low pressure and allowed to
completely flush through the tube, overflowing out of the standing pipe. Grouting
continued until a consistent mix was flowing out of the standing pipe. The inlet valve
was then closed and the grout pumping was stopped. The grout-filled specimens were
subsequently cured inside the laboratory, sheltered from the sun and from any drastic

temperature variations,

2.4. Grouted Sleeve Repair Design

Following the infliction of damage to Specimen CIS5 to a dent depth of 0.5D, a
steel sleeve was placed over the dented portion of the tube and grouted. The steel sleeve
was used in place of a conventional steel clamp in order to test the concept of providing
an exterior repair by confined grout using a steel member, while reducing the cost for
purposes of laboratory testing. Specimen C15 was selected for a grouted sleeve repair,
since if the method was successful for a specimen that had a D/t ratio of 69, then it could
be hypothesized that the repair would also be successful for tubulars with a smaller D/t
ratio. The steel sleeve consisted of a tubular of 12,75 inch outer diameter and 0.1875
inch wall thickness, resulting in a D/t ratio of 68. This D/t ratio was approximately the
same as that of the dented specimen. The inner diameter of the sieeve (D)) was 12,375
mches. which was large enough to enabie the sleeve 1o pass over the dented cross-section,
whose width was 11.5 inches. The grout annulus was therefore seven-sixteenths of an

inch at this location.

bk
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The length of the sleeve L, was based on meeting two criteria. The first of these
was that the sleeve must be able to resist by itself the undamaged axial capacity Py of the
tubular. Therefore, the length of the sleeve had to be large enough to allow stresses to
develop in the sleeve by bond action between the inner surface of the sleeve and the grout
annulus, where the total stress transferred by bond action was equivalent o the

undamaged capacity Py, On this basis, assuming a uniform bond stress f;, the required

sleeve length Lgis:
2P,

Lzt (2.2)
[ ]

For a bond stress of 132 psi (based on the results of the bond tests reported in
Section 2.2.2.4), a undamaged capacity Py of 126 kips (based on SSRC Column Curve 1),

and D; equal to 12.375 inches, the required sleeve length based on Equation (2.2) was 49

inches.

While this length is conservative, since the dented tubular has some residual
strength, it was found that the length of the sleeve was controlled by the second criteria.
This second criteria is based on having the cross-sectional distortion of the portion of the
damaged tubular within the tolerances of API RP-2A [API RP-2A - LRFD 1993] for
ovality. It was determined that the ovality of the cross-section was within the APT limits

at a distance of 35.5 inches to each side of the center of the dent, therefore requiring a

total sleeve length of 71 inches.

A section view of the sleeve is shown schematically in Figure 2.27, where internal
ring stiffeners have been placed at 1.5 inches from the edge of the sleeve {the length of
the siceve has been increased to 74 inches to accommodate the end distance for the ring
stiffeners). The purpose of the ring stiffeners was to provide a water tight encasement for
the grout annulus, where an o-ring gasket was placed between the ring stiffener and a
second loose ring that was bolted to the ring stiffener (see Figure 2.27{a)). As noted

previously, prior to placing the sleeve over the specimen, the cuter surface of the
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damaged member and inner surface of the sleeve were sand blasted to achieve a uniform

roughness of 3 mils.

Grout ports were located at each end of the sleeve. During grout placement the
member was inclined at a 45 degree angle and grout was injected into the lower port until
it flushed through the sleeve, overflowing out of a standing pipe placed at the upper port.
The specimen was then cured inside the laboratory, sheltered from the sun and any drastic

temperature variations.

2.5. Experimental Test Set-up

A 500 kip self-reacting test frame ,shown schematically in Figure 2.28 was
designed and fabricated for the purpose of testing the specimens under compressive axial
load. Care was taken in the development of the design criteria for the test frame to
appropriately model assumed experimental parameters including: (1) specimen pinned-
end conditions, with unrestrained rotation of specimen ends about any axis; (2) adequate
clearance for lateral displacement of the specimen,; and (3) sufficient test frame capacity.
Components of the test frame included: two frictionless, precision machined ball-and-
socket bearing connections; a frictionless sliding load beam and track system located by a
reinforced concrete guide block; a reinforced concrete reaction block; two high strength
tension rods; and a pair of 150 ton hollow core hydraulic cylinders. A photograph of the

test frame is given in Figure 2.29,

A compressive axial load was applied to the specimen through the use of a 150
ton capacity holiow plunger hydraulic cylinder reacting against each tension rod {see
Figure 2.28). The pair of hydraulic cylinders were connected o a 10,000 psi air-cooled
hydraulic pump, using a common hydraulic line to synchromize the pressure in each
cylinder. A pressure relief valve was used to limit pressure developed by the pump in the
hydraulic line, thus limiting the force developed on the tension rods and enabling load
control during testing. An in-line needle valve enabled the tight metering of flow into
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each cylinder, subsequently atlowing displacement control in the post-ultimate region of

loading during testing.

The spherical ball-and-socket bearing connection, shown in Figure 2.30, was
designed to effectively model true pinned-end conditions by allowing free rotation of an
end of a specimen. The ball-and-socket were machined to a tolerance of 0.003 inch. The
bail was coated with high-pressure grease before being fastened to the socket with high

strength bolts. The grease minimized any friction from developing in the bearing.

The load beam shown in Figure 2.31 was designed to accommodate a ball-and-
socket bearing connection, transfer the tension rod force to the specimen, and slide in a
controlled, relatively friction-free horizontal manner on the sliding-track system installed
on the guide block. This beam was built up from two standard C15x50 channel shapes
placed back to back with a 3-inch gap which provided passage for the tension rods, and
secured by welded plates. Various web stiffeners were located in the regions of applied
loads and reactions. A 3 x 2 x /4 inch structural tube of 28 inches in length was welded
at each end of the load beam, to which four cast iron V-notched wheels were attached.
These V-notched wheels rode on rails that were anchored to the guide block. Each pair of
these wheels was located at 26 inches on center at the ends of the structural tubes (o

provide a wide wheel base in order to minimize any horizontal or vertical racking of the

load beam during testing.

The guide block was designed to support the sliding track system for the load
beam as well as resist any accidental racking forces that may develop in the load beam.
Tixtreme care was taken in the construction of the guide block to ensure that the tracks
guiding the V-notched wheels, and subsequently the load beam, were installed paraliel
and level with each other to minimize load beam racking. Fach track consisted of a
W10x45 beam that had two pieces of angle placed between its flanges. On the lower
inside face of the flange, a 60 inch length of 2 x 2 x 3/8 inch angle was laid with its apex

side up and welded along its edges over its entire length to the inside face of the lower
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flange of the W10x45. A second 60 inch length of angle having threaded rods welded to
the inside face at its apex, was fitted into the upper flange of the W10x45 and bolted.
This two angle arrangement allowed adjustment of the double sided track that supported

and guided the V-notched wheels of the load beam from above and below (see Figure

2.32).

The reaction block of the test frame was designed to resist the moments and shear
imposed on it by the two hydraulic cylinders and the bearing of the ball-and-socket
connection from the test specimen. Additional steel plates were placed in the block
behind each hydraulic cylinder and the ball-and-socket connection to resist local crushing
of the concrete and to provide positive bearing for the attached elements. A photograph

of the reaction block with the tension rods and hollow core hydraulic cyclinders in place

is shown in Figure 2.33,

Both the reaction and guide blocks were spaced and leveled in the test
configuration on the laboratory floor to accommodate a specimen 14 to 16 feet in length.
A surveyor’s level was used to align and level the two blocks, before being Hydrostoned

to the laboratory floor. The Hydrostone ensured even bearing on the floor.

The two high strength threaded tension rods were each 2 inches in diameter and
comprised of two lengths coupled together and extending a total of 20 feet. The rods
each had a working load rating of 250 kips. '

Load collars, indicated in Figure 2.28 and displayed in Figure 2.30, transferred the
axial load to the ends of the specimen from the sliding load beam. A similar collar was
used to transfer the load from the reaction biock to the other end of the specimen. Each
ioad collar was fabricated from a 9.625 inch diameter steel tuhe section that was [0
inches in length. The tube section was welded at one end o a 16 inch square mounting
plate, which had a drilled hole pattern to match the ball-and-socket connection. Prior to
placement of the load collar on a specimen, end platens were first inserted into each end

of the specimen to provide uniform bearing pressure over only the steel portion of the
"33
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cross-section of the tubular. Then, a load collar was slipped over each end of the
specimen and centered with the use of several set screws drilled into the collar.
Hydrostone was then injected into the collars to provide a uniform bearing surface
between the load collars and the end platens as well as the outer wall of the specimen.
The specimen was then installed into the test frame by boiting the mounting plate of the
load collar to the ball-and-socket connection. The mounting plate was aligned prior to
bolting such that the center of the load collar coincided with the center of the spherical

bearing to apply concentric axial loading of the specimen.

2.6. Instrumentation and Data Acquisition

Each specimen was instrumented to monitor its response under loading. Figure
7 34 shows the instrumentation set-up employed for the non-repaired and internal grout
repaired specimen tests. Axial shortening was measured over the gage length (L,) of the
specimen, using two displacement transducers located at the south end and attached to
targets at the north end. Table 2.8 lists the gage lengths over which axial shortening was
measured for each of the test specimens. The two shortening transducers were averaged
together to obtain the axial shortening at the centerline of the specimen.  Electric

inclinometers were mounted on each end of the specimen to record end rotation.

Vertical displacements in the plane of bending of the specimen were measured by
five equally spaced transducers along the length of the specimen. The dent growth was
monitored using two vertical transducers, one measuring the displacement of the bottom
of the dented section while the other measuring the displacement of the saddle of the
dent, as shown in Figure 2.34. These two readings were subtracted from each other to
obtain the dent-depth growth. A displacement transducer was also placed at the dented

section to monitor any horizontal movement of the specimen out of the plane of bending.

Strain gages were placed around the circumference of the tube at its quarter points
along the span to monitor longitudinal and hoop strains. The longitudinal gages at each
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end were also used to align a specimen during its installation into the test frame. Two
strain gages were also placed on the top face of the specimen on either side of the dent to

monitor longitudinal strain in the dent saddle,

The instrurnentation plan for the grouted sleeve repaired specimen (Specimen
C15) is shown schematically in Figure 2.35. Basically, the instrumentation plan was the
same as that for the testing of the non-repaired and internal grout repaired specimens,
with some additional strain gages placed on the sleeve and specimen to measure
longitudinal and hoop stress. In addition, at each end of the sleeve four linear
displacement transducers were equally spaced around the circumferenceref the sleeve and
used as slip gages to measure any relative movement between the ends of the sleeve and
the dented tubular (see Figure 2.36). Any growth in dent depth was monitored by placing
a metal rod through a void in the grout annulus, where one end of the rod was in contact
with the dent and the other attached to a displacement transducer mounted on the sleeve
(see Figure 2.37). The void in the grout was created by casting a greased bolt in the grout,
which passed through a threaded hole in the sleeve directly above the dent. This bolt was

subsequently removed after the grout was cured.

A pair of calibrated load cells, located between the load beam and each nut of the
tension rod, monitored the Joad applied to each tension rod. The Separate readings were

combined to provide the total applied axial foad.

A specimen installed into the test frame, instrumented for response, and ready to
test is shown photographed in Figure 2.29. Specimens were whitewashed prior to testing

with a hydrated lime solution to display vield patterns.

All data from the instrumentation was collected using the DATACG 3
computer-controlled data acquisition system software developed for this experimental test
program [Mihalic, 1992]. The system utilized a 386 personal computer to run DATACQ

3.1, which is capable of continuously scanning a total of 64 channels with 12 hit

A
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accuracy. This was accomplished by multiplexing a 16 channel National Instruments AT-
MIO-16 A/D board with two 32 channel National Instruments Multiplexing boards.
During a test, protection against a power failure was provided by the use of a back-up
power supply capable of powering all instrumentation, the data acquisition system, and

the hydraulic pump for ten minutes in the event of a power outage.
2.7. Test Procedure

After the installation and instrumentation of a test specimen, the data acquisition
was configured by execution of the data acquisition software and taking a zero scan of all
channels. The transducers were checked against known displacements to verify system
operation. Another zero scan was taken and written to disk. A shant calibration of the
stain gages was performed to confirm their operation. Channels and their associated
increments in signal output readings were then selected to trigger the system to record the
acquired data to disk. Display channels for real time display and printer output were also

defined.

Prior to each test, the axial alignment of a specimen was verified by applying an
initial load of 25% of the expected ultimate axial load Pmax. Longitudinal axial strains
were monitored during alignment to check for uniformity around the circumference of the
cross-section at several locations. This verification ensured that no accidental eccentricity
was introduced into the specimen during its installation into the test frame. The
alignment also provided a force necessary to firmly seat all components of the test frame
and ready the system for testing. Strain readings within 5% of each other were
considered acceptable for alignment, else the specimen isalignment was corrected.
After the alignment check was shown 1o be satisfactory, the specimen was unioaded and

all instramenis were zeroed in the data acquisition program.

A compressive axial load during testing was initially applied at an approximate

rate of 1 ksi per minute under load control. The loading rate was controlled by limiting

b
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the pressures developed by the pump and released to the hydraulic cylinders. Load
control was attained in the ascending branch of the load-shortening curve by slowly
increasing the pressure delivered to the cylinders through the use of the pressure relief

valve.

Scan triggers were set within the data acquisition software to record to disk all
instrumented channels at increments of approximately 2 kips of the total applied load or
specimen axial shortening of approximately (.03 inches. An axial shortening signal was
fed into an XY recorder, together with the load cell signal, to provide a real-time graphic
display of the load-shortening curve. During loading on the ascending branch of the
specimen’s axial load-deformation response, triggering was typically controlled by the

load increments.

The applied loading was halted frequently to allow the load to stabilize and static
readings to be scanned. The load stabilization in the ascending portion of the load-
shortening curve was accomplished by locking in the current pressure of the system, The
loading was continued until the ultimate capacity of the specimen was reached and the
maximum static load was recorded. Frequent manual scans were taken near the peak load
to ensure that the maximum load and all instrument readings were recorded. Beyond
ultimate capacity, displacement control was introduced into the loading system by the
tight metering of an in-line needle valve which controlled the flow of hydraulic fluid into
the hollow-core cylinders. With the pressure decreasing, increased hydraulic fluid flow
was allowed, subsequently increasing the cylinder stroke. The triggering for recording of
the data by the acquisition software by axial shortening typically began to occur just prior

to attaining the peak load, as a specimen’s axial shortening became large.

The test was continued until a specimen’s strengih approached zero, or a toral
displacement of five times the displacement at peak load was reached. Typically the
latter controlled. After the loading was discontinued, the data was saved to disk in binary

form with the name extension * DAQ, and the program was exited. The file created by
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DATACQ 3.1 was then post-processed by the program DATARED.EXE to create a

group of individual channel files in ASCIH format for subsequent data reduction and

analysis.
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CHAPTER 3
EXPERIMENTAL BEHAVIOR

This chapter discusses the observed behavior of the 9 damaged bracing specimens
that were axially compressed to failure. The discussion related to each of the tests is
described herein under sections pertaining to the 5 test series defined previously in
Section 2.1. Observations and specimen response are presented, alon g with a summary of
the experimental behavior for each test series. The behavior of each specimen is
described by the axial load-shortening (P-A) response, the growth in dent-depth (dy), the
lateral displacements of the specimen along its length (8,), and by the development of
longitudinal strains in the dent-damaged region. These measured displacements and
strains are also correlated to observed signs of yielding and local buckling that occurred
during the coarse of testing. In the presentation of the experimental data, the applied
axial load P has been normalized by the yield strength P,, where P, is based on the

specimen dynamic measured yield stress reported in Chapter 2.

All references to the test specimens and dent-damage are made in relation to
Figure 3.1, which defines the nomenclature describing the orientation, specific features,
and response quantities of a typical test specimen. Each specimen was oriented in the test
frame such that its longitudinal axis was oriented paralle] to the laboratory floor and
coincided with the north-south direction. The sliding load beam and the fixed reaction
were located north and south, respectively. All specimens had their longitudinal weld
seam facing the laboratory floor, thus defining the bottomn surface of the tubular. In this
position, the dent-damage being 180 degrees opposite of the weld seamn defined the top
surface of the tubular. The ecast and west surfaces of the specimen were located 90
degrees clockwise and counter-clockwise from the top  surface, respectively, and

corresponded with the east and west directions. The lateral displacements (&) coincided
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with downward deformation of the specimen toward the laboratory floor, as shown in

Figure 3.1.
3.1. Behavior of Damaged, Non-repaired Specimens

A total of four tests were conducted to assess the affect of dent-damage of a depth
of 0.25D and 0.50D on member behavior, where D is the measured specimen diameter.
The measured geometry for these specimens is listed in Tables 2.2, 2.3 and 2.4 for the
initial and damaged states, respectively. Measured steel material properties for all
specimens are given in Table 2.5. As noted in Table 2.4, the global out-of-straightness
(8,) of these specimens ranged from 0.0052L (Specimen C10) to 0.0174L (Specimen
A12), where L. is the measured length of the specimen. The results from these tests were
also used to evaluate state-of-the-art analytical methods for predicting the residual

strength of dent-damaged members which is presented in Chapter 4.
3.1.1. Test Series 1 - 0.25D Dent-Depth

Specimen A10 - Specimen A10 modeled a bracing member having a nominal D/t ratio of
34.5 subjected to concentric axial loading with dent depth dy measuring 0.253D in depth.
The measured out-of-straightness (8;) of the specimen in its damaged state was 0.0064L.

A photograph of Specimen A 10 prior to testing is shown in Figure 3.2.

The ascending portion of the normalized axial load-shortening response of
Specimen A0 prior to achieving its peak load (P,) was linear and in close agreement
with elastic theory, as shown in the normalized axial load-shortening reiationship of
Figure 3.3. Iniual yielding of the specimen was first noticed at approximately 65% of P,
and iﬁé%ia{%ng at the crest of the dent and attenuating along the sides of the tubular to a
distance of about 5 inches from the centerline of the dent. This yielding was a result of

the compressive stress flow around the dent saddle, combined with the compressive

Z.
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residual stresses introduced into the cross-section from the denting process. A slight
linear growth in dent-depth was observed prior to reaching the ultimate capacity of the

specimen, as indicted in Figure 3.4.

The lateral stiffness of the specimen began to decrease at about 60% of P,, prior to
achieving ultimate load, as indicated by the slope of the normalized axial-load midspan
deflection response curve shown in Figure 3.5. At failure, this stiffness greatly decreased
as the specimen laterally displaced at midspan to approximately 0.0045L. At the peak
load of 98 kips (P, = 0.37 P}, the dent-depth rapidly increased by approximately 0.015D.

The history of longitudinal strains around the circumference of the damaged
section are shown in Figure 3.6. The bottom longitudinal gage in the dented cross-section
developed a reversal in strain at approximately 60% of P,, leading to tensile strain as the
dent-depth grew and second-order effects increased due to growth in the lateral
displacement (8) at midspan. The strains measured by the south strain gage located inside
the dent saddle, shown in Figure 3.7, approached the yield strain (1320 pe) of the steel
tubular as the specimen was loaded to Py. At the axial load of P,, the dent growth and
ovalization of the cross-section that had occurred forced compressive stresses to flow
directly to the stiffer east and west sides of the dented section, leading to a reduction in

strain within the dent saddle.

The application of axial shortening after achieving P, resulted in continued dent-
growth and formation of a plastic hinge in the dent-damaged region due to the loss of
cross-sectional depth, resulting in a capacity reduction and increasing second-order
bending effects. Photographs showing the dented region and overall deflected shape of
Specimen AlD after achieving P, are shown in Figures 3.8 and 2.9, Measured lateral
displacements of the specimen revealed a concentration of curvature in the dented region
following the application of peak load, as shown in Figure 3.10. Extensive yielding of

the steel around the circumference of the damaged cross-section continued as




plastification of the dent occurred. Yielding also spread along both sides of the tubular,
away from the dented region to a distance of 22 inches from dent centerline of the tubular
and [2 inches on either side of the dent centerline along the bottom surface. Dimples
were observed to form at the ends of the dent saddle when gross ovalization of the section

occurred after the plastic hinge developed (see Figure 3.11).

The peak load of 98 kips which developed in Specimen Al10 corresponded to an
axial load capacity that was 44% of that for a corresponding non-damaged member,

whose capacity is estimated using the SSRC Column Strength Curve 1 [Galambos 1988].

Specimen C10 - Specimen C10 modeled a bracing member having a nominal D/t ratio of
69 subjected to concentric axial loading. The measured deni-damage consisted of a dent-
depth of 0.250D and a maximum out-of-straightness of 0.0052L. A photograph of

Specimen C10 prior to testing is shown in Figure 3.12.

The axial load-shortening relationship shown in Figure 3.13 displayed a deviation
from linearity at about 33% of the peak load Py, as the second-order bending effects on
the specimen increased due to growth in the midspan lateral deflection. Prior to
achieving Py, the lateral stiffness of the member, related to the ascending slope of the
normalized axial load-midspan lateral deflection curve, began to decrease, as shown in
Figure 3.14. At the peak load of 37 kips (P, = 0.28 Py), the midspan lateral displacement
of the member had grown to nearly 0.003L. A photograph of Specimen C10 taken at
peak load is shown in Figure 3.15, where lateral displacement of the specimen can be
seen. The normalized lateral displacement profile along the length of the member 1s
shown in Figure 3.16 at various stages of loading, and clearly indicates the extent of
global bending prior to and after failure of the member occurred. The normalized axial
load-dent growth relationship for Specimen C10 is shown in Figure 3.17. A photograph
is given in Figure 3.18 which shows the dented region following the development of peak

axial load. Similar to the previously tested specimens, a large growth in dent-depth
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nitiated in Specimen C10 near peak load, reducing the member’s ability to resist the
applied compressive load. Initial yielding at the ends of the dent fold were observed to

simultaneously occur at the attainment of ultimate capacity of the member.

The fongitudinal strain history developed around the circumference of the dented
section and in the dent saddle for Specimen C10 are shown in Figures 3.19 and 3.20,
respectively. Prior to reaching the peak load, the exterior top surface of the tube in the
dent saddle developed compressive strain under the applied load, as shown in Figure
3.19. As the dent grew in depth, Jocal bending of the wall of the tubular occurred that
resulted in tensile strains in the dent saddle. As in the response of Specimen A10, a
reversal from compression to tension longitudinal strain occurred at the bottom of the

tubular in the dented region (see Figure 3.20).

Continued axial shortening resulted in extreme lateral deflections as indicated in
Figure 3.16. As a result of this excessive deflection, large compressive strains developed
as the stress flow necessary for equilibrium passed around the dent saddle along the east
and west sides of the tubular. As the dent continued to grow inwards, a local outward
dimple developed at both ends of the dent saddle, as shown in Figure 3.21. These
dimples continued to grow outward until the test was discontinued, at which time the
axial shortening had exceeded 10 times the shortening corresponding to ultimate load. A

photograph of the lateral displacement of Specimen C10 at the end of the test is shown in

Figure 3.22.

The peak load of 37 kips which developed for Specimen C10 corresponded to a
capacity that was 28% of that for a corresponding non-damaged member, as estimated

using S5RC Columnp Strength Curve |,
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3.1.2. Test Series 2 - 0.50D Dent-Depth

Specimen A12 - Specimen A12 modeled a bracing member having a nominal D/t ratio of
34.5 subjected to concentric axial loading. The measured dent-damage consisted of a dent
depth dy of 0.491D and maximum out-of-straightness (8;) of 0.0174L. A photograph of

Specimen A12 before testing is shown in Figure 3.23.

The normalized axial load-shortening response of Specimen AlZ is presented in
Figure 3.24. The response from the onset of the test from shows a deviation from the
predicted elastic axial stiffness of a similar, yet non-damaged tubular. Since the inflicted
damage significantly reduced the cross-sectional properties of the tubular in the dented
region, the member began to loose axial stiffness as soon as the axial load was applied.
The midspan lateral deflection increased at a faster rate than that seen in the previously
tested specimens with nominal dent-depths of 0.25D, as shown in Figure 3.25. The
normalized axial load-dent depth growth relationship is shown in Figure 3.26. Just prior
to attaining peak load, the dent-depth had grown by 0.02D, representing an increase of

4% from its original depth.

The history of longitudinal strains around the circumference of the dented cross-
section is shown in Figure 3.27. Unlike the previous specimens having smaller initial
dent-depths, tensile strains are shown to develop at the bottom of the damaged cross-
section of Specimen Al2 from the onset of the test. Initial yielding of the cross-section
was observed along the bottom surface of the dented section as the specimen approached
its peak load P, of 39 kips (P, = 0.16 Py). Figure 3.27 shows the strain at the bottom of
the cross-section to approach the vield strain near peak load and is consistent with the
above observation. The measured strains in the dent saddle, located along the top of the
dented segment, are shown in Figure 328 to remain elastic and are relatively low
compared to Specimen A 10, which had the same D/t ratio but a smaller dent depth of dg

of 0.25D. The lateral displaced profile of Specimen A12 at selected levels of applied
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axial load is given in Figure 3.29, and shows the existence of large lateral defections prior
to peak load. A photograph of Specimen AI2 at peak joad is shown in Figure 3.30,

where the pronounced lateral deflection at midspan is visible.

Axial shortening of the specimen beyond attainment of the peak load resulted in a
gradual decrease in capacity and continued yielding around the dented region, especially
along the bottom surface of the tubular in the dented region. The yielding spread
symmetrically to a distance of nearly 22 inches to each side of the dent. Lateral
displacements of the specimen also continued to grow as the specimen folded about the
plastic hinge that had formed at the midspan dent. Figure 3.31 shows a close up of the
dent-damaged region following the development of peak axial load. A plastification of
the dented section occurred as the lateral displacement increased. The overall lateral

deflection of the specimen at the conclusion of the test is shown in Figure 3.22.

The peak load of 39 kips which developed in Specimen A12 was 18% of that for a

corresponding non-damaged member, estimated using the SSRC Column Strength Curve

1.

Specimen C12 - Specimen C12 modeled a bracing member having a nominal D/t ratio
of 69 subjected to concentric axial loading.  Following denting, the measured dent-
damage consisted of a dent-depth of 0.495D and a maximum out-of-straightness (8,) of

0.0152L. A photograph of Specimen C12 taken prior to testing is given in Figure 3.33.

The normalized axial load-shortening response of Specimen C12 is presented in
Figure 3.34, where from the onset of loading it is shown to deviate from the predicied
clastic axial stiffness. The dent-depth also grew from the onset of the application of axial
load, as shown in Figure 3.35. As indicated in the normalized axial load-midspan lateral
displacement relationship given in Figure 3.36, the member possessed very little lateral

stiffness and subsequently the deflection at midspan had increased to nearly 0.0065L prior
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to developing its peak load. Figure 3.37 shows a photograph of the dented region of the
specimen when peak load was applied, where the overall lateral deflection of the member
can be noted when a comparison of the bottom surface of the specimen is made to the

horizontal tension rod.

At the ultimate capacity of 14 kips (P, = 0.10 Py), yielding of the specimen
occurred at the ends of the dent fold, indicating high compressive strains passing around
the dent saddle. The longitudinal strain history around the circumference of the dented
cross-section is shown in Figure 3.38 and confirms the increase in compressive strains on
the east and west sides of the damaged tubular at ultimate load. Strains in the dent saddle

never developed to the level of yield and elastically decrease after failure of the specimen,

as shown in Figure 3.39.

Continued axial shortening of the specimen resulted in a gradual decrease in
capacity and continued yielding in the dented region. Lateral displacements of the
specimen also continued to grow as the specimen folded about the plastic hinge that had
formed at the dented cross-section at midspan. Figure 3.40 shows the lateral deflection
profile of the specimen at various levels of applied axial load and indicates concentrations
of curvature in the heavily plastified dent-damaged region. A photograph of the dented
region near the end of the test is shown in Figure 3.41. No yield lines or flaking of the

whitewash occurred during testing since the specimen was painted after fabrication.

The peak load of 14 kips which developed for Specimen C12 corresponded to a
capacity that was approximately 11% of that for a corresponding non-damaged member

estimated using the SSRC Column Strength Curve 1,



3.1.3. Summary of Behavior for Damaged, Non-repaired Specimens

All four non-repaired specimens experienced a significant reduction in axial
capacity due to the midspan dent-damage, with a greater reduction occurring in the
members with the deeper dent-damage. Each of the specimens tested failed shortly after
yielding occurred in the dent-damaged region, where the axial load resistance deteriorated
with continued axial shortening. For the two specimens with dent-damage having a
nominal depth of 0.25D (Specimens A10 and C10), the dent consistently was shown to
rapidly grow inwards as the cross-section ovalized upon attaining peak load, reducing the
sectional capacity of the dented region. For the two specimens with the deeper dent-
damage of nominal depth of 0.50D (Specimens A12 and C12) the dent also grew during
testing. The significant reduction in cross-sectional properties in the dented region and
greater damaged out-of-straightness (8,) of the specimen led to a significant loss of

member strength, as second-order bending effects occurred under the application of axial

foad.

Yielding was observed to initiate in the dent or at the ends of the dent fold near
peak load. Increased axial shortening of the specimen resulted in an attenuation of this
yielding along the sides of the tubular, away from the dent as well as through the
thickness of the dented cross-section. Eventually, second-order bending effects became
prominent, leading to further yielding in the dent-damaged region and resulting in the

formation of a plastic hinge at midspan where the member was dented.

3.2. Behavior of Damaged, Internal Grout Repaired Specimens

Five tests were conducted to assess the ability of grout repair to restore member
sirength, where the tubular had midspan dent-damage of nominal depth from (.25D and
0.50D. Four of the tests involved internal grout repair. The measured damaged out-of-

straightness (8;) of these repaired specimens ranged from 0.0051L (Specimen C11) to
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0.0211L (Specimen A13). The internal grout repair extended along the full length of the
specimen and was applied after the infliction of the dent, except at both ends of each
repaired specimen where a grout void of 4 inch length was created in order to directly
apply axial load to the steel cross-section of the specimen. Axially loading the steel
directly simulated prototype conditions where a diagonal brace is axially loaded by force

transfer from the steei chord member of the platform jacket to the steel section of the

brace.,

The remaining repaired specimen (Specimen C15) consisted of a grouted sleeve
repair. As noted in Chapter 2, the sleeve was fabricated from a steel tubular of D/t = 68,
where the outside diameter D was 12.75 inches. The length of the sleeve was 71 inches
(equivalent to 8.2 diameters of the dented specimen), with a 1.5 inch extension beyond
the internal ring stiffener at each end of the sleeve. The measured dent depth and

midspan out-of-straightness after denting was 0.499D and 0.015L, respectively.

Initial and damaged geometry for all repaired specimens are included in Tables
2.2, 2.3, and 2.4. Steel material properties are summarized in Table 2.5. The grout
compressive strength of the repair was determined for each specimen on the day of test

and reported in Table 2.6.

Behavior of the repaired specimens is evaluated in the same manner as that for the
non-repaired tests, namely the axial load-shortening response, growth in dent-depth,
lateral displacement response, and longitudinal strain history in the damaged region are

discussed. The yield capacity P, of only the steel section is used to normalize the results.

3.2.1. Test Series 3 - 6.25D Dent-Depth

Specimen Al1 - Specimen All modeled an internal grout repaired bracing member

having a nominal D/t ratio of 34.5 and subjected to concentric axial load. Inflicted dent-
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damage was 0.251D in depth, while the maximum out-of-straightness (8,) measured
0.00591.. The average grout strength on the day of testing was 5970 psi. A photograph of

Specimen A1l prior testing is shown in Figure 3.42.

The normalized axial load-shortening response of Specimen All is shown in
Figure 3.43. At 8% of the axial load capacity (P,} of the specimen, which corresponds to
P = (.05 P,, the response of the specimen began to deviate from the transformed elastic
axial stiffness (A,E; / Py} that was computed based on transformed sections, where Ay
and E; are the transformed cross-sectional area and Youngs modulus, respectively, of the
steel tubular. The transformed elastic axial stiffness assumes tull-composite action
between the steel tube and the internal grout. At this point of loading, initial yield lines in
the tubular were observed to have formed on either side of the dent centerline and
cracking sounds were heard within the internal grout. These observations, along with the
measured deviation of the axial load-shortening response of the specimen from the
predicted elastic stiffness, indicated that the composite action between the steel and grout
was deteriorating. At P = 0.29 P,, symmetrical yield lines were noted to have developed
on both sides of the tubular, centered around the dented region and spreading
longitudinally nearly 17 inches to each side of the dent. Dent growth at this stage was
minimal as shown in Figure 3.44 and remained so throughout the test. Midspan lateral
deflection of the specimen continued to grow as the load was increased (see Figure 3.45).
At a lateral deflection (8) at midspan of approximately 0.0035L, corresponding to an axial
load of P = 0.47 Py, the yielding of the tubular had spread longitudinally along the sides
of the dented section as well as on the top surface of the tubular to a distance of

approximately 20 inches from the dent centerline.

The longitudinal strain history measured by the sirain gages sround the
circumnference of the dented cross-section is shown in Figure 2.46. At the load of P =
0.5P,, the longitudinal strains on the east and west faces of the dented cross-section were

at about the yield strain of 1220 e, indicating that yielding was taking place on the sides
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of the dented cross-section. Yielding in the dent saddle was also occurring as indicated

by the south strain gage readings shown in Figure 3.47.

A peak load of 158 kips (P, = 0.62 P,) was attained for Specimen All, at which
the longitudinal strain gages on the bottom surface of the tubular indicated tensile strains
were equivalent to the yield stram (see Figure 3.46). The grout was preventing the
growth of the dent into the cross-section of the member. Without dent growth, the
stabilized dent saddle was able to develop large compressive strains, as shown in Figure
3.46. Preventing the loss of cross-sectional properties by inhibiting dent-growth also
resulted in the specimen maintaining a larger stiffness to resist second-order lateral
deflections, where a & of nearly 0.006L developed under the maximum axial applied load.
A photograph of Specimen All showing the lateral deflection at maximum applied load

is given in Figure 3.48.

Further shortening of the specimen beyond the peak load resulted in the
development of curvature along the length of the specimen, as shown in Figures 3.49 and
3.50. Heavy yielding accompanied the curvature at the dented cross-section at midspan.
This yielding attenuated longitudinally away from the dent along the top and side surfaces
of the tubular to a distance of 22 inches from the dent centerline. Smaller yield lines on
the sides of the tube began to form a dense cross-hatch pattern along the entire length of
the dented section. Yielding on the bottom surface was confined to a 20 inch region
centered about the dented region. With continued imposed axial displacemnent beyond
that corresponding to P, a local outward buckle formed in the dent saddle at an axial
shortening of A = 0.0055L, corresponding to an axial load of 0.55P,. This local buckle
developed on the top surface of the dented section having an approximate wave length of
approximately 4 inches. Figures 3,51 and 3.52 show photographs of the dented region of
Specimen All near the end of the test, where specimen vielding and iocal outward

buckling can be scen.




The peak load of 158 kips which developed in Specimen A1l corresponded to a
capacity that was 71% of that for a corresponding non-damaged tubular member,
estimated using the SSRC Column Strength Curve 1. By comparing this result with that
of Specimen A10, indicates that the internal grout repair was successful at increasing the

axial capacity of the member above that of a corresponding member having not been

repatred.

Specimen C11 - Specimen C11 modeled an internal grout repaired bracing member
having a nominal D/t ratio of 69 and subjected to concentric axial load. Inflicted dent-
damage was 0.255D in depth, while maximum out-of-straightness (8,) measured
0.0051L. The average grout strength on the day of testing was 5900 psi. A photograph of

Specimen C11 prior to testing is shown in Figure 3.53.

The normalized axial load-shortening response of Specimen C11 is given in
Figure 3.54, where it is shown to deviate from the theoretical transformed elastic axial
stiffness at approximately 0.37% of the ultimate load. The axial and lateral stiffness of
Specimen CI1 both began to deteriorate as the axial load increased, however the dent-
depth growth was completely restrained up to the attainment of ultimate load as shown in
Figure 3.55. Lateral displacements of the member at midspan continued to increase as
the lateral stiffness decreased under the applied axial load, as shown in Figure 3.56. At P
=1{).70 Py the first audible crack was heard and a corresponding change in the slope in the
axial load-shortening response occurred (see Figure 3.54), which indicated that the

composite action between the internal grout and the steel sleeve was beginning to

degrade.

Upon reaching the ultimate foad of 104 kips (P, = 0.82 P}, the midspan deflection
of the specimen was nearly 0.004L. Figure 137 shows the nistory of measured
longitudinal strains from the strain gages piaced around the circumference of the dented

section. The development of tensile strains on the bottom surface of the tubular and high

3-13




compression strains beyond yield on the east and west sides of the dented section at
maximum applied load, which can be seen in Figure 3.57, indicate that large second-order
bending stresses were occurring in the cross-section. Failure of the member was
extremely ductile as load was gradually shed with increased axially applied shortening.
The growth in dent-depth slowly increased after peak load, but remained restricted from

growing by the internal grout at rates previously observed of the non-repaired specimens.

As the axial shortening was applied beyond the ultimate load, longitudinal strains
within the dent saddle continued to develop large compressive strains, as shown in Figure
3.58. This data indicated that compressive strains continued to pass through the saddle of
the dent-damaged region. Cracking in the grout continued to occur, resulting in increases
in both the axial shortening and the lateral deflection of the member, with a
corresponding decline in axial load capacity. Figure 3.59 shows the lateral displacement
profile of the specimen, where beyond ultimate load a greater concentration of curvature
is shown to occur in the dent at midspan, providing evidence that plastification of the
dented section was occurring. A photograph showing the overall deflected shape of
Specimen C11 at 0.57P, following failure is given in Figure 3.60. The formation of a
local buckle occurred in the dent saddle at an axial shortening of A = 0.0089L. Figure
3.61 shows a photograph of the local buckle near the end of testing. The half wavelength
of this local buckle was observed to be approximately 3 inches in length. A photograph

showing the overall deflected shape of the specimen at the end of the test is given in

Figure 3.62.

The maximum load of 104 kips developed by Specimen C11 was approximately
88% the capacity of a corresponding non-damaged steel tubufar based on SSRC’s
Coluran Curve 1. This resistance was however over 2.8 times that of corresponding
unrepaired Specimen C10, indicating that the internal grout repair provided a substaniial

increase in strength of a damaged member.



3.2.2 Test Series 4 - 0.50D Dent-Depth, Internal Grout Repair

Specimen A13 - Specimen A13 resembled an internal grout repaired bracing member
having a nominal D/t ratio of 34.5 and subjected to concentric axial load. Inflicted dent-
damage was 0.50D in depth, while the maximum out-of-siraightness (8,) measured
0.0211L. This initial out-of-straightness of the specimen is quite pronounced as seen in
Figure 3.63, where Specimen A13 is photographed prior to the application of axial load.

The average grout strength on the day of testing was 7690 psi.

Figure 3.64 shows the axial load-shortening response of Specimen A 13, where the
initial ascending portion of the response curve is less than the theoretical transformed
axial stiffness for an non-damaged member with similar geometry. This reduction in
stiffness is attributed to the pronounced out-of-straightness §, that lead to significant
shortening due to lateral displacement and geometric effects. The lateral stiffness of
Specimen A13, shown in Figure 3.65, is initially smaller relative to the other repaired
specimens of less depth. Figure 3.65 also shows the lateral stiffness to have rapidly
deteriorated from the start of the test. This deterioration was a result of the severe
deformation of the dented cross-section, resulting in a significant out-of-straightness and
consequently a greater eccentricity between the axis of loading and the centroid of the
dented section causing bending. The eccentricity at the dent, the initial out-of-
straightness of the specimen, and the lateral deflection all combined to cause an increase
in the amount of bending stresses developed within the section under the applied axial
load. The longitudinal strain history around the circumference of the damaged section is
shown in Figure 3.66, and indicates that tensile strains developed on the bottom surface
of the tubular from the onset of testing due 1o bending stresses generated from second-
order effects. Cracking of the internal grout was audible prior to failure when the lateral

displacement at midspan exceeded 0.002L.
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At the maximum load of 50 kips (P, = 0.21 P,), the lateral deflection of the
member at midspan was approximately equal to 0.005L. Figure 3.67 shows a photograph
of the specimen at ultimate load, where the lateral deflection of the specimen can be seen.
Growth in dent-depth was insignificant, being arrested by the grout as shown in Figure
3.68. At peak load, the compressive strains developed in the dent saddle were
approximately equal to the yield strain, as shown in Figure 3.69, indicating that
plastification of the section was beginning to take place. The lateral displacement profile,
shown in Figure 3.70, indicates that a concentration of curvature in the dented region had
developed at peak load due to the plastification of the dented cross-section. Flaking of
the applied white wash was not observed in Specimen A 13, due in part to the lack of mill
scale on the outer surface of the tubular. With continued axial shortening beyond
maximum axial load the capacity of Specimen A13 gradually deteriorated, as shown in
the load-displacement relationships (Figures 3.64 and 3.65). Photographs of the dented

region and overall view of Specimen Al13 at the end of the test are shown in Figures 3.71

and 3.72.

The maximum load of 50 kips developed by Specimen Al3 was approximately
23% of the capacity of a corresponding non-damaged tubular member based on SSRC’s
Column Curve 1. This indicated that the repair was marginally successful at restoring the
axial capacity of a dent-damaged specimen with deﬁt depth 0.5D. However, the

resistance of Specimen Al13 was 28% greater than that of corresponding non-repaired

Specimen Al2.

Specimen C13 - Specimen C13 modeled an internal grout repaired bracing member
having 4 nominal D/t ratio of 69. Inflicted dent-Gamage was (.4980 in depth, while
maxirum out-of-straightness (8,) measured 0.0166L. The average grout strength on the
day of testing was 7550 psi. A photograph of Specimen C12 prior (o testing is shown in

Figure 3.73, where the initial out-of-straightness d, is evident.




From the onset of loading, the normalized axial load-shortening curve for
Specimen C13 deviated from a linear response, as shown in Figure 3.74. Upon achieving
an axial load of 0.17P, the first audible cracking sounds from the grout occurred.
Continued loading increased the frequency of cracking as the lateral stiffness of the
member deteriorated, resulting in larger lateral deflection, as shown in Figure 3.75. Atan
axial load of P = 0.21 P, the midspan lateral displacement was approximately 0.004L.,
Second-order effects caused the longitudinal strains at the bottom the tube of the dented
cross-section to develop tensile strains from the onset of testing (see Figure 3.76).
Immediately prior to the application of the maximum axial load Py cracking of the grout

was accompanied by a sudden increase in both the axial shortening and lateral deflection.

At the ultimate load of 40 kips, corresponding to P, = 0.29 P, the midspan lateral
deflection of the specimen was about 0.01L. Figure 3.77 shows a photograph of the
specimen when the peak load was reached, where the lateral bending is quite prominent.
As in the other internal grouted specimens, the dent growth was minimal as shown in
Figure 3.78. Yielding at the bottom of the dented cross-section was observed at ultimate
load and consistent with recorded longitudinal strain shown in Figure 3.76. However, the
strain on the top of the dented cross-section remained elastic, with a tensile strain reversal

occurring before reaching ultimate load (see Figure 3.79).

Continued axial shortening of the specimen resulted in extreme lateral deflections,
as shown in the lateral displacement profile in Figure 3.80 and the photograph in Figure
3.81 that was taken at the end of the fest. Load shedding was gradual and ductile
behavior was observed. Cracking of the internal grout continued to be heard with
increasing frequency as the midspan deflection reached 0.015L. A photograph of the
dented region of Specimen C13 at the end of the test Is given in Figure 3.82. No vield

lines in the whitewash are visible because of the lack of specimen mill scale.



The maximum load of 40 kips developed by Specimen C13 was approximately
30% of the capacity of a corresponding non-damaged tubular based on SSRC’s Column
Curve 1. The repair resulted in an resistance that was over 2.8 times that of the
corresponding non-repaired specimen {Specimen C12). This indicated that the repair was

successful in partially restoring the axial capacity of the dent-damaged member.
3.2.3 Test Series 5 - 0.5D Dent-Depth, Grouted Sleeve Repair

Specimen C15 - Specimen C15 was a grouted sleeve repaired member having a nominal
D/t ratio of 69. The inflicted dent damage consisted of a dent depth and out-of-
straightness at midspan of 0.499D and 0.015L. The sleeve was placed over the specimen,
covering the dented segment, where the out-of-straightness at the end of the sleeve in the
specimen was 0.011L. The out-of-straightness of the damaged member before testing is

evident in the photograph given in Figure 3.83. The average grout strength on the day of

the test was 3770 psi.

The normalized axial load-shortening curve for Specimen C15 is shown in Figure
3.84. The member responded initially linear, with an initial axial stiffness slightly greater
than that associated with a bare steel tube. At an axial load of approximately 50% of the
peak load P,, corresponding to 0.29Py, grout cracking in the annulus along the sleeve was
audible. As the load was increased the axial stiffness began to soften, as seen in Figure
3 84 where a decrease in stiffness is evident. An increase in the lateral deflection at
midspan was also recorded, as shown in the axial load-midspan deflection relationship
presented in Figure 3.85. As the axial load was increased to 0.75P, (corresponding to
(.43P,), the specimen along the sieeve developed 2 lateral displacement of 0.002L, where
mimimal curvature occurred in the sleeve while a more noticeable amount developed in
the specimen outside the sleeve. This is apparent 1 the plot of the measured lateral

displacement profile presented in Figure 3.86, as well as in a photograph of the specimen
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shown in Figure 3.87, where the latter was taken just prior to the application of the

ultimate load.

At the maximum applied axial load of 72 kips, corresponding to 0.57P,, the strain
gages indicated that yielding occurred on the top of the cross-section along a segment of
the specimen outside the sleeve (see Figures 3.88 and 3.89). This yielding was associated
with the greater compressive stress that developed at the top of the specimen’s cross-
section due to the combined effects of axial load and second order bending moment from
the lateral displacement of 0.004L in the specimen at the south end of the sleeve,
Longitudinal strains around the circumference of the specimen at a longitudinal distance
of about 15 inches from outside the sleeve showed tensile strain to develop on the bottom

of the specimen’s cross-section from the onset of testing (see Figures 3.87 and 3.88).

At the peak applied axial load a local outward buckle developed in the specimen
at the south edge of the sleeve where the prior yielding had occurred the top of the
specimen resulted, and is shown photographed in Figure 3.90. This led to a deterioration
of the axial load capacity with further imposed axial deformation. Continued imposed
deformations caused the local buckle, which resembled an elephant’s buckle, to attenuate
around the circumference of the cross-section. In addition, the lateral displacements
became greater, where a concentration of curvature developed at the buckled section,
which was located at a distance of approximately 0.30L from the south end of the
specimen. This concentration of curvature is evident in the measured lateral displacement
profile of the specimen (see Figure 3.86) as well as the photograph of the specimen
shown in Figure 3.91. No significant slip was measured between the sleeve and tubular,
however, the local buckling caused a shortening of the gage length of the slip gages. This
phenomena is seen in Figure 3.92. Upon a achieving an axial shortening of 4 inches,

corresponding to 0.0221., the test was terminated.
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The longitudinal strains around the circumference of the steel tube and sleeve at
the dented cross-section were found to remain relatively small throughout the test (less
than about 100 ue), as shown in Figure 3.93 and 3.94. This was also found at the other
strain measurement locations which were beneath, as well as on the sleeve (e.g., at 0421
and 0.58L from the south end of the specimen), as shown in Figure 3.95 to 3.98. The
inner radial pressure exerted on the sleeve by the radial expansion of the specimen caused
by the Poisson effect and restraint of the sleeve to inhibit dent growth of the specimen led

to tensile transverse strains on the sleeve (see Figures 3.99 through 3.101}.

It was determined from the measured transverse and longitudinal strains of the
sleeve that the maximum bond stress which developed between the grout and the sleeve
was approximately 25 to 50 psi (see Figures 3.102 and 3.103). This bond stress represents
the stress developing over 15 inches to the South (Figure 3.102) and North (Figure 3.103)
of the dent. Based on these results, and assuming a uniform bond stress over the length of

the sleeve, the axial force resisted by the sleeve was 36 kips (25 psi bond stress) to 72

kips (50 psi bond stress).

Through radial constraint, the sleeve was found to completely restrain the dent
from growing inwards, for no growth in dent depth was measured as shown in Figure
3.104. The reinforcement by the sleeve thereby forced most of the inelastic deformation

and failure to occur in the steel tubular outside the sleeve.

The maximum load of 72 kips which developed in Specimen CI5 was 80%
greater than that of corresponding internally grout repaired Specimen C13, and was
approximately 54% of the capacity of a corresponding non-damaged member based on
the SSRC Column Strength Curve 1. The strength of Specimen C15 was over five times
the strength of corresponding non-repaired Specimen Ci2. The above results indicated
that although the capacity of Specimen C15 was less than that of a corresponding non-

darnaged tubular, the use of a grouted sleeve provided a significant increase in strength
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relative to the strength of a corresponding non-repaired member with dent depth of 0.5D.
The behavior of Specimen C15 indicated that the out-of-straightness &, of the damaged
member at the termination point of the sleeve must be considered in the design length of
the sleeve, for the cross-section of the tubular at this location is subjected to the
maximum stress due to the combined effects of axial load and second order bending as is

the likely location where failure will occur.

3.2.4. Dissection of Grout Repaired Specimens

Following the completion of testing, the internal grout repaired specimens were
cut open in the dent zone in order to expose the grout. This was accomplished by using a
flame torch to burn through the wall thickness of the steel tube. The exposed grout of the
specimens (Specimens All, C11, Al3 and C 13) are shown in Figures 3.105 through
3.108. During the dissection the steel wall of each tube was found to be rather easily
removed, indicating a weak radial bond existed between the steel tube and grout. In all
cases, the exposed grout showed an area of intact grout that was directly beneath the dent
saddle where the stee] tube had remained in contact with the grout. Adjacent to this area,

loose, cracked grout was found where the steel tube had locally buckled outwards.

The cutting open of the grouted sleeve specimen (Specimen C15) revealed no

grout cracking or crushing.
3.2.5 Summary of Behavior for Damaged, Grout Repaired Specimens

Internal grout repair significantly improved the joad carrying capacity of all of the
specimens tested through the prevention of further dent growth. The grout supported the
dented section, thus eliminating this mechanism of failure. The specimens developed
their peak load as the steel wall vielded in the dent saddle and along the compression

surface along the top of the tubular, followed by yielding of the tubular on the bottom
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face of the dented cross-section. Specimens with a nominal dg = 0.25D failed before their
respective non-damaged capacities were achieved due to a yielding of the dented section
caused by second-order bending stresses. Severe reductions in the cross-sectional
properties of the dented tubulars with dy = 0.50D reduced the lateral stiffness of the
specimen. This, combined with the greater out-of-straightness prior to testing, resulted in
large lateral displacements and bending stresses to develop in the dented region under the
applied axial loading. Post-ultimate behavior of all specimens was characterized by

gradual load shedding and reasonably ductile response at large axial shortening.

The performance of the grouted sleeve repaired specimen indicated that the sleeve
inhibits the dent from growing, thereby increasing the capacity of the damaged member.
While the strains in the repaired segment of the specimen remained small, large strains
outside the sleeve developed in the specimen. The ability of the sleeve repair to increase
the capacity of a dent-damaged member is limited by the out-of-straightness in the tubular
adjacent to the termination point of the sleeve. At this location, the member develops it
greatest stress under combined axial load and second order bending effects, which causes

the cross section to eventually develop a local buckle.
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CHAPTER 4
ANALYSIS OF EXPERIMENTAL RESULTS

4.1. General

In Chapter 3, observations of the experimental behavior for each of the 9
specimens tested for the experimental program were discussed in detail. In Chapter 4, a
detailed evaluation of the experimental behavior will be presented by analyzing the
measured data from each specimen. The axial load capacity Pey, for each specimen is
given in Table 4.1, where P, has also been normalized by the yield capacity Py of the
steel tube, where Py is based on the measured dynamic yield stress and material properties
reported in Chapter 2. To evaluate the amount of deterioration in a member’s axial
capacity attributed to dent-damage, in this chapter the residual strengths Py of the non-
repaired members for a range of dent-depths are compared to their original design
capacity P,. Member capacities are also compared with capacities of corresponding non-
repaired and repaired test specimens in order to assess the effectiveness of the internal
grout repair at restoring the axial capacity of dented bracing members with varying
degrees of damage. Cross-section strength based on moment-axial load interaction
analyses are presented and used to evaluate the failure of the non-repaired and internal
grout repaired specimens, respectively. Finally, comparisons between several analytical
methods and the experimental results are made in order to assess the accuracy of these
methods to predict the non-repaired and repaired member response of dent-damaged

tubular bracing members.

For the analytical models, the measured static yield strength of the specimens,
grout strength, and geometry were used. The comparison of predicted and experimental
capacities appearing in the various iables of Chapter 4 were directly made using the static
predicted capacity and peak axial experimental load Pexp. Plots showing a comparison of
analytical and experimental results were made by normalizing both results by specimen
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capacity based on dynamic yield stress of the tubular in order to be consistent with

experimental results plotted in Chapter 3 as well as in comparison with normalized data

reported by other studies.

4.2. Moment-Axial Load Interaction

The moment-axial load surface for dent-damaged bracing members was shown in

Ricles et al. {1992, 1997] to provide reasonable agreement with the response of the

measured force path of experimentally tested specimens, in terms of their capacity. For

the force path, the moment M of the dented cross-section at midspan of a specimen was

determined at each step of axial loading history using the measured axial load P, lateral

midspan displacement A, and initial out-of-straightness 8, following denting in the
following expression:

M mP(5p+A) 4.1)

The moment M in Equation (4.1) is referenced with respect to the centroid of the

undented cross-section. Equation (4.1) was used to derive the experimental force path for

both the damaged and internal grout repaired specimens, which are discussed below.

4.2.1. Non-repaired Specimens

Plasticity theory was utilized by Ricles et al. [1997] to develop the moment-axial load
capacity relationship for a steel tubular cross-section with dent-damage. The resulting
expression for moment capacity M, as a function of axial load and dented cross-section
properties can be shown [Ricles et al. 1997, Taby 1986] to be
M, ﬁdé Eal P ﬁé e
“g:{"“ ?iﬁ “5"{‘;0‘5{{:{?} —{ 2

4 =ty

+ Asin(ey =0 (4.2)

where P, is the yield load and M, the plastic moment capacity for a thin-walled section, as

given by



P, = o JIDt {4.3a)
M, =0,D% (4.3b)

The quantities D and t are the specimen diameter with respect to the wall mid-thickness,

and t the wal] thickness,

The angle o is that which subtends one-half around the circumference of the dent

saddle. This angle is related to the dent depth by the following expression

o =cos” ’( ]~ 2%) {4.4)

where dy is the depth of the dent.

The axial resistance Fyq is based on a plastification of the dent saddle of the cross-
section, where

F,, =80ato,(yan7+ ¢ - ) (4.5)

In order to account for restraint effects on the dent saddle by the undamaged part of the

cross-section, Equation (4.5) includes the multiplication by the empirical correction factor

Cap = 80UD based on recommendations by Taby [1986] for members with D/t less than

80. The resistance Fyq acts at the centroid of the area of the original cross-section at the

distance 1} above the dent saddle of the dented cross-section, where

1 = ?{Sliix ) - cos((x‘)) (4.6)

Equation (4.2) is only valid for members with the dent located on the compressive

side of the bending moment and with the axial load in compression. Furthermore, it

assumes that the initial dent-depth does not increase under applied load.

Figures 4.1 through 4.4 show the experimental force paths of the non-repaired
specimens compared with their moment-axial load interactions surfaces calculated using

Equation (4.2) in conjunction with measured specimen dimensions and material
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properties. Each of the specimens reach their maximum axial load in the vicinity of the
interaction surface. In the post-ultimate range, the force path of each specimen has a
tendency to initially follow the interaction surface until elastic unloading takes place (ie.,
where both the axial load P and moment M decrease). The interaction curve appears to
provide better agreement with the residual strength of dent-damaged members having D/t
= 34.5 (i.e., Specimens Al0 and A12). The capacity of Specimens C10 and C12, which
have D/t = 69, is slightly over-estimated by Equation (4.2). It appears that the accuracy of
Equation (4.2) could be improved by further calibration of Fyq for sections with higher D/t

ratios.
4.2.2. Internal Grout Repaired Specimens

The capacity of the internal grout repaired specimens was also compared to their
theoretical moment-axial load interaction surface. For each specimen a fiber analysis
technique, similar to that used by Ricles et al. [1997], was employed to develop the
interaction surface using measured material properties. An upper bound on the strength
was established by assuming full composite action between the steel tubular and the
grout. This analysis involved describing the dented cross-section and grout by several
individual fibers, each with its own stress-strain relationship. The grout stress-strain
curve is similar to that shown in Figure 4.5. Measured material properties and specimen
dimensions were used in the analysis, where the grout compressive strength was set at
0.8f"; to account for the scale effects between the grout cube material tests and the in situ
grout strength {Loh, 1991]. No stren gth enhancement due to confinement was considered,
since the surrounding steel tube radially expands under axial load due to the Poisson
effect. The strain €, corresponding to peak stress £, was set equal to 0.004, and based on
typical values for grout reported in the literature [Lamport 1988]. The grout was assumed
to fail (i.¢., develop a loss of strength) at a strain of £, = 0.005. The stress-strain curve for

the steel fibers was assumed to be elastic-perfectly plastic.



undented cross-section.. The peak moment M and prescribed axial [oad P corresponding
to each of the M-@ relationships were uged to define the coordinates of the M.p

Interaction surface,

Specimen force paths based on Equation (4.1) are plotted against the theoretical
interaction surfaces in Figures 4.6 through 4.9, where the bending moment and the
applied axial load have been normalized by the plastic moment (M) and the squash load

(Py) of the steel tubular, respectively. In all of the cascs except for Specimen C13 the

Capacity based on full composite action provides a upper bound for strength of the

internal grout repaired members,
4.3. Specimen Residual and Repaired Strength Assessment
4.3.1. Effect of Dent-Damage on Ultimate Capacity
A comparison of the damaged, aon-repaired capacities (P} of the lest specimens

with the capacity (P, of a similar, yet non-damaged member, is summarized in Table 4.2,

The non-damaged capacity (P,) for specimens of the current test program was based on
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the Structural Stability Research Council’s Column Curve 1 [Galambos, 1988]. The
current program’s test data for the ratio of P,/P,, as well as that by Ricles et al. [1992,
1997], are shown plotted in Figure 4.10 as a function of the normalized dent depth dy/D.
The prior test program by Ricles et al. [1992, 1997} had a dent depth of 0.1D, 0.15D;
0.2D, and 0.3D. It 1s clear from Figure 4.10 that a significant reduction in the ultimate
capacity of a damaged member occurs as the depth of the dent-damage increases. More
deeply dented specimens (dy = 0.5D) are seen to suffer a loss of capacity of as much as
82% and 88% (Specimens Al2 & Specimen Cl12) of a corresponding member’s non-
damaged capacity, resulting in P, equal to 0.18P, and 0.12P,, respectively. Specimens
with less severe dent-damage of nominal depth of 0.10D have residual capacities (Py,)
that ranged from 50% to about 75% of P,. Specimens A10 and C10 of the current study,
having a dent depth of dy4 = 0.25D, had residual capacities Py of 0.42P, and 0.32P,,
respectively. For a given degree of dent-damage, specimens with nominal D/t ratios of 69
appear to suffer slightly larger strength reductions than the specimens having the smaller
D/t ratios of 34.5 or 46. Figure 4.11 shows the normalized non-repaired capacities (P,/Py)
plotted as a function of normalized dent-depth (d4/D) for the specimens tested in this
program as well as for experimental data from similar previous studies [Ricles et al.,
1992 & 1997; Smith et al., 1979 & 1981; Taby et al. 1981; Pacheco and Durkin, 1988].
Figure 4.11 further illustrates the degradation of ultimate strength associated with the

increase in dent depth.

The larger reduction in member capacity associated with deeper dent-depths are
attributed to the decrease in the bending resistance of the dent-damaged cross-section and
increased eccentricity in the dented cross-section. The moment of inertia of the damaged
section is significantly lowered after the infliction of damage, and continues to deteriorate
as the dent-depth growths under the application of compressive axial load. A larger
internal force couple develops across the damaged section as a result of the eccentricity
that exists between the centroid of the dented and non-damaged portions of the member

having a greater damaged out-of-straightness (8,). This internal couple combines with
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second order effects to increase the bending demand imposed across the dent saddle,
which leads to a focal failure in the damaged region. Observations of this type of local
failure were found in all of the non-repaired specimens tested in the current program

discussed in Chapter 3 of this report.
4.3.2. Effectiveness of Internal Grout and Grouted Sleeve Repair

The experimental tests conducted for this program resulted in a dramatic increase
in capacity of the internally grouted specimens compared to the non-repaired specimens.
Figure 4.12 plots the normalized ultimate axial capacity (Pexp/Py) of the specimens tested
herein, against the normalized dent-depth (d¢/D). Included in Figure 4.12 are results from
studies by Ricles et al, [1992, 1997}, Parsanejad [1987,1992], and Boswell and D’'Mello
[1990]. Despite a relatively large band of scatter, this figure shows that the restoration to
original non-damaged member strength by means of internal grouting is limited by the
depth (dy) of dent-damage. It is also known, and will be discussed later, that the damaged
out-of-straightness (5,) affects the repaired strength. The out-of-straightness (Gp) of the
specimens whose test results are shown in Figure 4.12 varied from 0.0001L to 0.0211L.
The majority of the scatter in Figure 4.12 is in the smali-scale tests conducted by
Parsanejad et al. [1987 & 1992} and by Boswell and D'Mello [1990]. Some of these tests,
especially those of the Boswell et al., are considered to be somewhat suspect because of
their small scale (D < 3 inches) and since the grout compressive strengths (f'y) reported
did not vary among the measured material properties reported. Additionally, the reported
elastic modulus of the grout (Ep) for these specimens does not correlate well with the
measured strengths presented herein, or with those of other studies [Lamport, 1988] that

established a relationship between the elastic modulus and the sirength of the grout.

A comparison of the repaired strength (Py) with the non-repaired residual strength
(Pa), as well as with the ron-damaged strength (P,) of the test specimens of the current

program are given in Table 4.3. The non-repaired strength P, is based on the
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corresponding non-repaired test specimens (see Table 4.2), while the non-damaged
strength P, is based on SSRC Curve | [Galambos 1988]. The relationship between
normalized dent-depth (do/D)) and the repaired capacity-to-damaged capacity ratio (Po/Pur)
as well as between repaired capacity-to-non-damaged capacity (P/P,) is shown in Figures
4.13 and 4.14, respectively, for the test results of the current study and by Ricles et al.
[1992, 1997]. Table 4.3 and Figure 4.13 both indicate that the internal grout repair of
damaged members with an nominal dent-depth of 0.1D to 0.50D resulted in an increase in
capacity above the non-repaired strength (Py) for all D/t ratios tested. On average, for the
results included in Figure 4.13 this increase in axial load capacify after the repair was
more than twice the non-repaired strength (Pg). For the current study involving dent
depths dg of 0.25D and 0.5D, the increase ranged from 1.61Py, to 2.81P, and 1.28P,, to

5.11P,, respectively. The increase to 5.11P, was for Specimen C15, which was a grouted

sleeve repair.

As indicated in Figure 4.14, specimens with a dent-depth up to 0.15D had a
repaired capacity which was equal to or exceeded the specimen non-damaged axial load
capacity. Furthermore, repaired specimens with a larger D/t ratio have a greater
enhancement in strength as shown in Figures 4.13 and 4.14. Internal grouting alone,
however, is evidently unsuccessful in reinstating the capacity of the specimens with more
severe dent-damage (dg = 0.25D to 0.5D and 8, = 0.005L to 0.021L ) to their full non-
damaged capacity (P,). As noted previously, for a deeper dent-depth, a greater reduction in
the cross-section’s moment of inertia as well as a larger amount of out-of-straightness §y/L
occurs, thus making it more susceptible to an overall column-type compression failure. For
the values of out-of-straightness of the specimens tested that are plotted in Figure 4.14,
there appears to be a dy/D ratio between 15% and 25% beyond which internal grouting is
not a viable repair method to restore a member to its original strength. The interaction of By

and dy on the residual and repaired strength will be discussed more later.

A comparison of the normalized experimental axial load-shortening relationships
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between corresponding non-repaired and internal grout repaired specimens with nominal
dent-depths of 0.25D and 0.50D are shown in Figures 4.15 through 4.18. The comparison
for the grouted sleeve repair is included in Figure 4.18. The enhancement of axial load
capacity after internal grouting can also be seen in these figures. The response of the
grouted sleeve repaired specimen (Specimen C15) is shown to have a significant
improvement in strength compared to the internal grout repaired specimen (Specimen
C13). The capacity of Specimen C15 was 0.64P,, which is 100% greater than that of
Specimen C13 (see Figure 4.18 and Table 4.3). Furthermore, the grouted sleeve repair
significantly enhanced the performance of Specimen C15, where a,é noted previously the
repaired strength was 5.11 times that of a corresponding non-repaired specimen. The
failure of Specimen C15 was due to a local buckle that formed in the steel tubular, Jjust
beyond the end of the grouted sleeve. As noted in Chapter 3, the out-of-straightness (5
at the section where local buckling occurred led to additional compressive stresses due to
P-8 effects. Thus, the out-of-straightness (8,) that exists at the end of a grouted sleeve is

an important variable that should be considered in repair design,

Improvements to the residual capacity after application of the grout repair is
attributed to the prevention of the dent-growth and cross-sectional ovalization observed to
have occurred in the non-repaired specimens, as noted in Chapter 3 of this report. The
internal grouting of the damaged member was shown in Chapter 3 to stop the dent-growth
and related deterioration of cross-sectional resistance. In the grouted sleeve repair the
restraint of the sleeve prevented the dented section from distorting and therefore the dent
from growing inwards. By inhibiting the growth in dent-depth, and thus arresting the
cross-section from further distortion, the moment of inertia of the damaged steel cross-

section did not decrease below its initial damaged value,
4.4. Comparison of Experimental Results with Theoretical Predictions

This section presents the results of a comprehensive effort to assess the
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performance of various analytical techniques used to predict the ultimate capacity and the
overall behavior of both non-repaired and internal grout repaired dent-damaged tubular
bracing members. Analysis of the specimens tested under the current program as well as
other studies were conducted. As noted previously, the analysis of each repaired specimen
involved using the measured material and geometric properties reported in Chapter 2, which
included the static yield strength of the steel tube for each specimen. For the grout
compressive strength, a value of 80% of the measured average cube strength was used for

each specimen in order to account for scale effects between the cube strength and in situ

strength [Loh 1991}

Statistical comparisons of each analytical method are presented in Tables 4.4
through 4.6 for the analysis of the non-repaired and repaired specimens of the current
program. Additional comparisons were made using data from previous studies in order to
cover a range of normalized dent-depths (d/D) and diameter-to-thickness ratios (D/t) to
assess the sensitivity of specimen capacity prediction for each of the analysis methods
considered. The results from previous experimental studies included in these comparisons
provided a total sample size of 60 specimens for non-repaired tubulars and 62 for internal
grout repaired tubulars. Previously tested specimens were limited to those possessing
simple-supported boundary conditions with dent-damage at midspan and axially loaded to

cause single curvature.

4.4.1. Analysis of Non-repaired Specimens

Presented in this section are the analysis of the dent-damaged specimens without
repair. These analysis are based several different theoretical methods, which are
discussed below. The comparison between the predicted and experimental capacities for

the specimens tested in this program are summarized in Table 4.4.
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4.4.1.1. Simplified Strength Equations and Beam-Column Analysis Methods

Ellinas Strength Equation

The Ellinas strength cquation [Ellinas 19847 is based on beam-column theory,
considering the interaction of axial load and moment and a member’s out-of-straightness
following denting. The ultimate member stress Gyg of a damaged member is determined

by solving the following quadratic equation

f _
lsﬁd—[} +o, A+ A§64+é}oud+fy+c4A§ E“J.—;e 4.7

Ge d &

where, ¢4, f,, G, Cpd. Ay, and Sy are equal to the eccentricity that exists in the dented
region between the centroids of the damaged and non-damaged sections, the equivalent
squash stress of the dented section, the Euler buckling stress, the initial plastification
stress in the saddle of the dent, the dented cross-sectional area, and dented section
modulus, respectively. Expressions for the geometric parameters for the imperfection and
column slenderness, ¢, and Ay, respectively, as well as section properties are given in

Ellinas [1984].

The ultimate axial load capacity (Penines) based on the computed ultimate stress
{Gua) of the damaged section found from Equation (4.7) are compared with the maximum
experimental axial loads (Pexp) of the current test program in column 4 of Table 4.4.
Figure 4.19 plots the theoretical ultimate load normalized by the yield load (Py) of the
nou-damaged tubular cross-section against the normalized experimental capacities of the
specimens tested in this experimental program. This figure shows that the Ellinas stren gth
equation tends to provide a lower bound for the predicted capacity of the non-repaired fest
specimens. The mean and coefficient of variations ({COV) for the ratio Petinas/Pesp for the
specimens is 0.79 and 0.149, respectively. Figures 4.20 and 4.21 plot the F’g;;mﬁfpm ratio
for specimens of this program as well as those of previous studies invelving non-repaired

specimens, as a function of dy/D and D/, respectively. These figures show that the Ellinas
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equation is not especially sensitive to neither the depth in dent damage nor the D/t ratio,
and in most cases underestimates residual strength. A histogram of Pgyinad/Pexp for all of

these specimens is shown in Figure 4.22, where the mean and COV are equal to 0.87 and

0.189, respectively.

DENTA

The DENTA H computer program was developed by Taby et al. [1986] for
analyzing dent-damaged members. The program has been calibrated against test data
where the dent depths were as large as 0.23D. The analysis involves three stages: (1)
loading to first yield; (2) inelastic response at ultimate load; and, (3) a post ultimate load
and displacement response. The model neglects any increase in the dent-growth until after
reaching the ultimate load. The DENTA II program predicts an increase in strength
beyond first yield of the dented cross-section, but expeﬁmentai findings of this study
show only a small increase in axial load beyond initial yield of the specimen in the dent
saddle. The experimental results also show that there exists a growth in dent-depth prior

to developing the peak load.

The analysis of the test specimens resulted in converged solutions for only those
specimens with a dent depth of 0.25D (i.e., Specimens A10 and C10). The analysis of
Specimens A12 and C12 by DENTA, both having a nominal dent depth of 0.5D, gave
erroneous results. The experimental axial load-shortening response for Specimens A10
and C10 are compared with that predicted by DENTA II in Figure 4.23. In this figure the
elastic axial stiffness K based on AF/L is indicated, where A, E, and L are the undented
cross-sectional area, Young's modulus, and overall length, respectively. The initial elastic
stiffness predicted by DENTA is shown to agree well with the experimental resulis as
well as the value for K. The comparison between the predicted and experimental axial
load-shortening response given in Figure 4.23 shows DENTA to underestimate the

capacity of Specimens A10 and C10.




Numerical comparisons between the DENTA I analysis  (Ppgnra)  and
experimental (Pe,,) axial load capacity are given in column 5 of Table 4.4. Figure 4.24
plots the theoretical ultimate load value that has been normalized by the yield load (P,)

against the normalized experimental values for the current experimental program.

Figures 4.25 and 4.26 plot the PnawmfPexp ratio as a function of d/D and D,
respectively, for the current program as well as the results from the studies by Ricles et al.
[1992, 1997]. These figures indicate that the DENTA I analysis results are neither
sensitive to dent-depth nor the D/t ratio for dent up t0 0.3D in depth (Specimens A12 and
C12 are excluded from these figures). A histogram of PDENTA/Pexp related to this same
data is shown in Figure 4.27, where the mean and coefficient of variation are equal to
0.93 and 0.128, respectively, The limited sample size of 15 analyzed specimens was the
result of the proprietary nature of the DENTA I program, which made extensive analysis

of the complete specimen database not possible.

The comparison of the experimental capacity with predicted capacity indicates

that DENTA cannot be used for members of dent depth deeper than 0.3D.

UCDENT

A quadratic equation implemented in the computer program UCDENT gives the
load at first yield of the dented section for dented members with initial out-of-straightness
(6p) and end eccentricity (e) [Ricles et al. 1992, 1994}, The model is based on a damaged
tubular member subjected to either concentric or eccentric axial load, and accounts for the
dent oceurring at any location aiong the axis of the member. The model 18 2 more
generalized quadratic stress resultant expression than Ellinas’ approach, accounting for

member out-of-straightness {8y}, dented eccentricity {eq), and eccentric axial load effects.



The ultimate capacity of the dented member Py is predicted by the use of the following

quadratic expression:
aPl+bPy+c=0 (4.8)

where,

e+¢y LzLée(i"”Ca)
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The derivation and definition of the various quantities appearing in Equation (4.9) can be

found in Ricles et al. {1992 & 1994a].

UCDENT was used to assess the ultimate strength of the test specimens.
Comparisons of the predicted capacity Pucpent with the experimental specimen capacity
are given in column 6 of Table 4.4. The predicted results for Pucpent, which have been
normalized by P, are compared with the normalized experimental axial load capacity in
Figure 4.28. The method is shown to provide an extremely conservative lower bound for
residual strength predictions, having a mean of 0.40 and a COV of 0.302. When
considering all of the current four specimens and the 56 non-repaired specimens of
others, Figures 4.29 and 4.30 both show that this method requires calibration to improve
its accuracy. In Figure 4.29, the ultimate strength predictions are seen to become
extremely conservative as the dent-depth increases. The UCDENT analysis is shown to
become less conservative at higher D/t ratios (see Figure 4.30). Figure 4.31 shows the
histogram of the Pycpent/Pesp ratios for all of the available experimental data {e.g. 4 non-
repaired specimens from the current program and 56 similar specimens identified
previously),where the mean and coefficient of variation are equal to 0.71 and 0.241,

respectively. The large scatter of the prediction is attributed to the lack of calibration of
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the formulation and the fact that failure s based on first yielding in the dent saddle.

Loh Unity Check Equations

The experimental axial load capacity of the test specimens was compared to that
predicted by two unity check expressions developed by Loh [Loh et al. 1992, Loh 1993]
for dent-damaged tubular members. The unity check equations consider cases of axial
loading (compression or tension) in combination with multi-directional bending with
respect to dent orientation. For the load parameters addressed in this report, only

compressive axial loading with uni-axial bending which place the dent into compression

are considered,

The first unity check equation is referred to as the “strength check” and is
associated with the strength limit state. This equation accounts for the possible failure of
a short segment of a dented tubular under combined axial compression and unj-axial
bending. The unity check expression is given by Equation (4.10), where an estimation of

the strength of the dented section can be made by solving for P,
o

%*[‘MM‘F“ (4.10)

In Equation (4.10) P,q. My4, and M are equal to the damaged section’s axial capacity,

damaged section’s flexural capacity, and the bending moment at the dented section due to
applied end moments or end eccentricities, respectively. The parameter « is defined as a
function of dent depth dg and diameter D, where
=234 4.1
Expressions for the damaged section capacities (Py and M, are summarized in detail by
Loh et al. [1992, 19931, as well ag by Ricles et al. [1962},
The second unity check equation was used to assess the instability of a dented
member under combined loading, and is referred to as the “stability check.” The buckl ing

capacity Peg, of 4 dented member without any out-of-straightness (6p) 1s first computed

LA
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by using a damaged slenderness parameter (Aq), which is explained further in Loh et al.
[1992, 1993]. The buckling capacity P.q of the damaged member, considering out-of-

straightness (8y), is then determined by solving the following quadratic expression:

P,
-pl-’:-:m__—_;;f?—._.mz (4.12)
o P
5w,

where P, is the Euler buckling load of the damaged cross-section. The stability load
(P.as), which represents the residual strength of the dented tubular associated with the

stability limit state is then obtained from the following expression:

3
2
Ty ,,_%__&__._ =1 4.13)
e . itz
e
where M, as in Equation (4.10), is the bending moment at the dented section due to
applied end moments and any member end eccentricities, and o is given by Equation

(4.11). Further derivations and explanations related to Equation (4.13) can also be found

in Loh et al. [1992, 1993] as well in Ricles et al. [1992].

Measured specimen material properties and dimensions were used to evaluate Py
and Py, from Equations (4.10) and (4.13), where the smaller of the two values was taken
as the predicted load-carrying capacity (Punyctk) associated with the residual strength of a
dent-damaged specimen. The results for Pygwene of the test specimens are given in
column 7 of Table 4.4, where they are compared to the peak experimental capacity (Peyp)
for each of the specimens. The predicted capacity of the specimens of this program, in
terms of the normalized ultimate strength (Puaiycn/Py), are compared with the normalized
experimental load (Pexy/Py) in Figure 4.32, For the prediction of test specimen capacity it
was found that the stability limit stale unity equation (L.e., Equation (4.13}) governed.

The ratio for Pouwend Pexp is shown in Table 4.4 to range from 0.87 1o 1.93 and
have a mean of 1.25 and a COV of 0.349. Three of the four test specimens are shown in

Table 4.4 and Figure 4.32 to have their capacity overestimated, where the specimens




having a dent depth dy of 0.5D (l.e., Specimens Al2 and C12) have their capacity

significantly overestimated.

The prediction of specimen capacity was also studied to examine the sensitivity to
dent depth and diameter-to-thickness ratio. For this purpose the current as well as data
obtained from previous experimental investigations were included. The results for the
ratio of P{;,,gy(;hkfi%xp are shown plotted in Figures 4.33 and 4.34 a5 a function of the
normalized depth of dent-damage (d¢/D) and diameter-to-thickness ratio (D/t),
respectively. Figure 4.33 shows that within the range that the unity check equation has
been calibrated (d; < 0.20D) the scatter is relatively small and the mean for the ratio of
Punitycnk/Pexp 18 conservative, However, this method tends to become unconservative as
the dent-depth increases beyond the 0.20D limit. The resulis for the ratio of Pumychk/})cxp
plotted as a function of the D/t ratio are shown in Figure 4.34 not to be sensitive to the
value of D/t, however, the specimens having a dent depth of 0.5D (i.e. Specimens A12
and C12) have their capacity well overestimated. The histogram for the Puﬁityf;h;(/?cxp
ratio for all of the experimental data base is given in Figure 4.35. The mean and COV for

the histogram is 0.91 and 0.201, respectively.

The above results imply that the parameters appearing in the unity check
expressions need calibration for deeper dent depths in order to extend the use of these

equations to tubulars having dent depths greater than 0.20D.

4.4.1.2. Moment-Thrust-Curvature (M-P-®) Based Method

The analysis of the specimens was performed using the program DIDAM, developed
by Ricles and Fan {1996] and hased on a moment- thrust-curvature (M-P-®) formulation,
In this approach the member was discretized into 2 segmenis, where the M-P-®
relationships for dented [Duan et al.. 1993] and undented segments [Chen and Han, 1985

Sohal and Chen, 1984, 1987, and 1988] were used in conjunction with numerical
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integration to account for second order effects and to determine the axial load-deformation
response of a dent-damaged specimen. The specimens with D/t = 69 had the effects of
residual stresses from fabrication accounted for in the M-P-® relationships. The residual

stress effect was neglected in the other specimens since they were annealed.

Duan’s M-P-® relationships are based on an assessment and regression analysis of
data from over 150 experimental tests of dent-damaged specimens, and represents an
empirical expression for the moment-curvature response of a dented tubular under a given
axial load. It should be noted that the dent-depth (dy) and out-of-straightness (6p) values of
the test specimens in this database were in the range of up to 0.2D and 0.01L, respectively.
A few tests had dy = 0.23D and 3, between 0.01L and 0.03L. Also, many of these tests

were of a small scale with diameters (D) that were typically 5 inches or less.

Duan’s empirical expression for the M-P-@ relationship is very convenient, for
during the integration analysis the curvature (@) can be obtained directly based on the
current moment (M) and axial load (P). Further details of the M-P-@ based integration
method of analysis are found in Ricles and Fan. [1996] and Ricles [1996].

Comparisons between the experimental axial load-shortening response of each test
specimen of the current program and that generated by the M-P-@ based method is shown
in Figures 4.36(a) through (d). The theoretical elastic axial stiffness Ko = AE/L is indicated
in these figures. The results show that, while the specimen initial tangent axial stiffness is
well estimated, the analysis does not capture the softening in the axial load-shortening
response that occurs prior to reaching peak axial load. In addition, the specimen capacity is
under estimated. In the post-ultimate response the M-P-® based method copsistently under
predicts the resistance of the member after the peak ivad has developed. This discrepancy

was similarly noted in some of the results for the load-shortening response generated by the

DENTA Il analysis.
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Ricles and Fan [1996] noted that the tendency to underestimate axial capacity during
the descending branch of analysis can be attributed to the sensitivity of the M-P-@ analysis
program to the length of the dented segment used in the model and the empirical nature of
the M-P-& expressions. Although variation of the dented segment length was shown not to
influence the ultimate capacity prediction, changes in the length of the dent segment were
observed by Ricles and Fan [1996] to increase the accuracy as the length was decreased to
approximately one half the member’s diameter (0.5D), and to prevent the convergence of
the program in the descending branch if the length was increased beyond 3 times the
member diameter (3D). A length equal to twice the member’s diameter for the dented
segment, roughly corresponding to the extent of dent-damage observed on the test
specimens of dent less than 0.2D, was suggested by Ricles [1996] in order to provide the
most reasonable estimate of behavior while ensuring program convergence. The dent

segment length of 2D was used in all of the analyses presented herein,

Numerical comparisons between the M-P-® based method predicted member
capacity (Pvp.a) and experimental axial load capacity (Pey,) are given in column 8 of
Table 4.4. Figure 4.37 plots the theoretical ultimate load value that has been normalized
by the yield load (P,) against the similarly normalized experimental values. This figure
also shows that the M-P-® based method underestimates specimen capacity. The mean
and COV for the ratio PMvp_m/Pexp for the test specimens was 0,70 and 0.34ii, respectively.
Figures 4.38 and 4.39 plot the value for the ratio Pyt.p.a/Pexp as a function of dyD and D,
respectively, for specimens tested in the current as well as previous studies. Figure 4.38
shows that the M-P-® based method tends to increasingly underestimate specimen capacity
as the dent depth becomes larger. Examination of Figure 4.39 shows that the predicted
capacity is increasingly more conservarive for specimens with a D/t ratio greater than 90
{(i.e., test specimens of Taby [1986]). A histogram of PM-?,(D./R:W for the database is
shown in Figure 4.40, where the mean and coefficient of variation are equal to 0.90 and

0.191, respectively.




The comparisons between the predicted and experimental result indicates that the
M-P-& relationships need further calibration in order to extend the method to analyzing
tubulars of deeper dent depth (i.e., the empirical moment-thrust-curvature relationships need
to be refined where data from test specimens of deeper dent depth is included in the

regression analysis).
4.4.1.3. Finite Element Method (FEM)

The commercially available finite element program ABAQUS [1993] was used to
conduct nonlinear analyses of the non-repaired specimens. The finite element analysis was
based on an updated Lagrangian formulation fo capture the effects of large displacements,
with Green's strain and second Piola-Kirchoff stress to model the moderate strain levels.
The von Mises yield criterion with the associated flow rule and a mild amount of isotropic
strain hardening was used to model the inelastic material response. For the test specimens,
symmetry exists along the longitudinal z-axis in the xz-plane and at midspan in the xy-plane
where the dent is located (see Figure 4.41(a)). Therefore, by taking advantage of this
symmetry only one quarter of the specimen had to be modeled. The finite element model of
a non-repaired specimen consisted of 422 eight-node shell elements, 1831 nodes, and
approximately 10443 degrees of freedom. Five integration points through the thickness of
the shell element were used. A typical mesh for the finite element model of a non-repaired
specimen is shown in Figure 4.41(a). The transition from a coarse to a more finer mesh
along the length of the model was achieved using multiple point constraints to ensure

compatibility along the edges of adjacent elements at the point of transition.

The finite element analysis of a dented member involved four stages, similar to
those of the experiments, namely: { 1) supporting the member (o prevent imposing excessive
global out-of-straightness damage, and the loading of a knife edge indentor to create the

dent-damage; (2) unloading of the indentor; (3) removal of the indentor and associated
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support from the model, as well ag specifying the pin-ended boundary conditions; and (4)
applying the axial load and atilizing the modified RIKS solution scheme to solve for the
non-linear axial force-shortening response of the member. A sample ABAQUS input file

for a typical analysis of a non-repaired specimen is given in Appendix C.

The deformed mesh of the model after imposing the dent damage, but prior to
applying axial load, is shown in Figure 4.41¢b). Several trial runs had to be conducted to

obtain the correct dent depth and damaged out-of-strai ghtness during stages 1 through 3 of

the analysis.

Longitudinal stress contours for Specimen A10 are shown in Figure 4.42. These
results correspond to stage 4 of the analysis, when the peak axial load was applied to the
model following denting. The stress contours plotted in Figure 4.42 shows longitudinal
tensile stresses to develop at the bottom of the tube near the dent as well as locally on the
top of the tube, where the longitudinal distortion in the cross section starts due to the dent,
Compressive stresses are shown to develop around the remaining circumference of the cross
section, with large stresses and yielding occurring outside the dent saddle and near the
dimple of the cross-section created by the dent. The stress contours shown in Figure 4.42

represent typical results for the analysis of the non-repaired specimens.

The longitudinal stress contours shown in Figure 4.42 are in good agreement with
the experimental results. Near the peak load the measured test specimen longitudinal strains
around the circumference of the dented cross section had the compressive strains exceed the
yield strain on the sides of the tube, with a smaller magnitude of tensile strain developing on

the bottom of the dent (see Figure 2.6 and 2.8).

Comparisons of the normalized toad-shortening curves gencrated by the non-linear
FEM analysis with experimental data is shown in Figure 4.43(z) through (d). The

theoretical elastic axial stiffness K = AFE/L is indicated in the figure. The correlation of the
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predicted response to the measured response is generally good, particularly for Specimen
A10 which has D/t ratio of 34.5 and dent depth of 0.25D. For specimens having a D/t ratio
of 69 (i.e., Specimens C10 and C12) the experimental results are shown to develop a
softening in the ascending branch of their response that is not predicted by the finite element
model. The greatest discrepancy with the experimental data and the predicted response

occurs in the descending branch of the response.

The phenomenon associated with softening prior to achieving peak axial load may
be attributed to the existence of tensile residual stresses from fabrication at the weld seam
along the bottom surface of the tbular. These residual stresses cause an earlier yielding at
the bottom surface of the dented cross section, resulting in a reduction of stiffness in the
experimental response prior to attaining ultimate load. However, analyses that included the

fabrication residual stresses in the model did not result in any significant difference in the

predicted load-displacement response.

Numerical comparisons between the FEM analysis and experimental axial load
capacity are given in column 9 of Table 4.4. Figure 4.44 plots the values of the
theoretical ultimate load of the FEM analysis (Peem) that has been normalized by the yield
load (Py) against the experimental values (Pexp) normalized in a similar manner. The
mean and COV for the ratio Pram/Pexp was 1.01 and 0.174, respectively. The results
shown in Figure 4.44 and Table 4.4 indicate that the FEM analysis provides a good
strength prediction for Specimens A10 and A12. The largest discrepancy exists with the
results for Specimens A12 and C12, which had the dent depth dg of 0.5D. Figures 4.45
and 4.46 plot the ratio of Prm/Pexp for results of the finite element analysis of specimens
as a function of d/D and Dt 1o assess the sensitivity of this method to damage and
geometric properties, respectively. The specimens included in these figures are from the
current and previous test programs that are indicated in the legends of the figures. Figure
4.45 shows that the non-linear finite element analysis prediction for specimen capacity in

general is not especially sensitive to dent-depth, with the largest scatter occurring at the
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largest dent depth of 0.5D (ie., Specimens A12 and C12). The results in Figure 4.46
indicate that the accuracy of the FEM analysis in general is not especially sensitive to the
tubular’s D/t ratio. A histogram for the ratio of Preat/Peyp related to these test specimens
is given in Figure 4.47. The relatively small scatter confined about the mean value of 1.01

with a coefficient of variation of 0.10 indicates the consistent accuracy of the prediction

for member capacity.
4.4.2. Analysis of Internal Grout Repaired Specimens

Presented below are the analysis of the dent-damaged specimens repaired by
internal grouting. These analysis are based on several different methods, which were
discussed below. Numerical comparisons between the predicted and experimental

capacities for the specimens tested in this program are summarized in Tables 4.5 and 4.6.
4.4.2.1. Simplified Strength Equations

Parsanejad Equation

Parsanejad developed an analytical expression based on beam-column theory to
predict the ultimate strength of a dent-damaged specimen, repaired by internally grouting
and subjected to concentric or eccentric axial compression. The expression, which
appears below, is written in terms of stress, considers transformed section properties, and
assumnes that failure occurs when the tota) stress Cuq (axial combined with bending} in the

dent saddle reaches the yield stress o of the steel tubular [Parsanejad, 1987].

A

Gty
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EA” PR 2 wat Oy =0 (4.14}
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In Equation (4.14) e Ay, Aw, Sy, and e, are equal to the Euler buckiing stress,
transformed cross-section area of the dented section, transformed cross-section area of the

undented section, section modulus of the cross-section area of the dented section, and
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total eccentricity between the centroid of the dented cross-section and the applied axial
load at the ends of the member. Mathematical definitions of the terms appearing in
Equation (4.14) can be found in Parsanejad [1987] and Parsanejad and Gusheh [1992]. A
correction for the gross moment of inertia I, was used, as pointed out by Loh [1991].
Furthermore, theoretically the areas of the undented and dented cross-section should be the
same. Hence, for this study they were taken to be the same, and based on the undented,
transformed cross-section area of the grout filled tubular area. Finally, better correlation was
found when the transformed section properties appearing in Equation (4.14) were based on

the modular ratio computed using Lamport’s formulation (Equation 2.1).

For each of the internal grout repaired specimens of the current test program, the
theoretical ultimate axial capacities (Ppasancjad) predicted using the Parsanejad equation
(Equation (4.14)) are compared to the corresponding experimental capacities (Pegp) In
column 4 of Table 4.5. Figure 4.48 plots the value for Ppasanejns, Which has been
normalized by the yield load (P,) of the stee] tubular, against the normalized experimental
result, The results show this method to overestimate the repaired capacity of all of the
internal grout repaired specimens. The mean and coefficient variation for the ratio of
Pparsancjad/Pexp 18 1.12 and 0.093, respectively. Additional comparisons are given in Figures
4.49 and 4.50, where the results from the analysis of the previous tests are included
[Ricles et al., 1992; Parsanejad et al., 1987, 1992; Boswell and D’Mello, 1990] in order to
determine the sensitivity of Parsanejad’s equation to the effect of depth of dent-damage
(dg) and diameter-to-thickness (D/t) ratio of the member. The results in these figures
suggest that the average predicted strength based on this formulation produces results for
the ratio Ppamancud/Pexp Where @ consistent scatter occurs aghout the mean value over the
range of dent-damage and the D/t ratios considered. An exception exists for two
specimens of the current program {Specimens Al3 and C13) which had a dent depth of
0.5D. The largest discrepancy between predicted and experimental capacity appearing in
Figures 4.49 and 4.50 is associated with Specimen C7 of the test program by Ricles et al.

[1997]. Specimen C7 had a dent depth of 0.15D and DA ratio of 69. A histogram of the
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Pgmmcjad/Pexp ratio for all available test data is shown in Figure 4.51, where Parsanejad’s
equation is shown to have a mean and coefficient of vartation of 1.03 and 0.191 for the 62

test specimens analyzed.

Loh Modified AISC-LRFD Equation

Loh [1991] suggested that the AISC-LRFD provisions used to design concrete
filled tubular members could he applicable to predict the ultimate strength of an internal
grouted, dent-damaged tubular if it were assumed that the full length of the repaired
member had a prismatic cross-section that possessed the properties of the dented section.
This method assumes fuli-composite action is developed and that failure occurs when the
overall buckling stress, or material yield stress in the case of a squat member, is reached.
The result of this approach led to the following formulation, which has to be equated to
unity in order to evaluate the predicted ultimate axial capacity of the member P:

P CM (4.15)

P, p -
[~ g

<

In Equation (4.15) C,,, M, P.. My are equal to the AISC moment gradient coefficient,
applied moment, Euler load, and modified bending capacity, respectively. In addition, P,,
is the reduced ultimate axial compression capacity of the damaged tubular, accountin g for
changes in member slenderness due to denting, and defined by the following expression:
P =F(A) P, (4.16)
The quantity F(X) is a factor that is associated with a modified buckling curve which
accounts for the damaged member response, and is based on modifications to the SSRC
Column Curves [Galambos, 1988] used in the AISC-LRED [1994] and API RP-2A-

LRFD [1993] design provisions.
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A more thorough discussion of the approach is presented in Loh [1991]. In
evaluating the axial capacity using (4.15), Lamport’s formula (i.e., Equation (2.1)) was

used to compute the grout modulus that is required in determination of the Euler load P..

Numerical comparisons between the predicted results Paogasc using the Loh
modified AISC-LRFD method and experimental axial load capacity are given in column
5 of Table 4.5. Figure 4.52 plots the theoretical ultimate load value (Pyoa.aisc) calculated
by Equation (4.15), which has been normalized by the yield load (Py) of the steel tubular
against the normalized experimental values (Pe/Py) of the tests of the current program.
Reasonable good accuracy was achieved using Equation (4.15). The mean and COV for

the ratio Puod-aisc/Pexp Of the specimens tested under the current program are 1.01 and

0.113, respectively.

Figures 4.53 and 4.54 plot the ratio Puod-asc/Pexp a8 2 function of dg/D and D/,
respectively, to assess the sensitivity of the Loh modified AISC-LRFD equation to dent
depth and D/t ratio. Figure 4.53 shows that this equation is not especially sensitive to the
depth of inflicted dent-damage, however, the strength estimation is unusually higher in
Specimen C7 of the study conducted by Ricles et al. [1997], which have a D/t ratio of 69.
Specimen C7 (d4 = 0.15D) had a predicted strength that was 1.91 times higher than the
experimental capacity, respectively. The histogram of the ratio Pyog.atsc/Pexp for this test
data is shown in Figure 4.55, where the mean and coefficient of variation is 0.94 and
0.221, respectively. These results indicate that a reasonable good prediction of the
capacity of a dented tubular subjected to axial load can be achieved by Loh’s modified

AISC-LRFD method for members up to dent depths of 0.5D.
4.4.2.2. Moment-Thrust-Curvature (M-P-®) Based Method

The prediction of the capacity of the internal grout repair specimens by the moment-

thrust-curvature analysis method involved the use of the computer program DGROUT
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developed by Ricles | 1996]. The methed involves the use of numerical integration over the
length of the member in conjunction with M-P-® relationships, where the M-P-@
refationship of a grouted tube segment was established by a separate analysis of the cross-
section. The computation involves generating data points corresponding to the moment-
curvature (M-®) response of the dented and undented sections of the grouted member for a
specified axial force (P). Assumptions in the analysis include plane sections remaining
plane and full bond (i.e. compatibility and composite action) between the steel and grout.
The cross-section of the grouted tube is first discretized into fibers, each fiber
representing either steel or grout based on the fiber’s location, The stress-strain curves for
the grout and steel fibers are illustrated in Figures 4.56(a) and (b), respectively. The analysis
was based on the assumption that no tensile stress developed in the grout. The modular ratio
of the grout was set equal to the value based on Lamport’s formulation (Equation (2.1)). No
increase in the grout compressive strength due to confinement was considered, with the
strength degradation initiating at a strain of g, = 4¢€, and at the rate of 0.2, where g, is the
strain corresponding to maximum grout compressive strain. To account for scale effects in
the grout cube tests, a value of 0.8f"; was used (in lieu of fg). which produced more

reasonable results.

The material properties of the steel fibers included a descending branch in the stress-
strain curve to account for Jocal buckling (see Figure 4.56(b)). This phenomena is controlled
by the parameters v and # in DGROUT, where a value of n = -0.2 was used. By specifying
the value for v, the strain at the onset of Jocal buckling of the steel tubular could he adjusted
for tubular members that are more susceptible to Jocal buckling. For specimens with a lower
D/t ratio (i.e., D/t = 34.5) ¥ was set equal o a value of 4, which allowed development of
plastification before the local buckling of the steel tube oceurred. In the analysis of the
specimens with a D/t ratio of 69, the value for tie ¥ pararmieter was set equal to 2 in order to
account for the tendency of tubulars of higher DAt ratio 1o develop local buekling at a

smaller strain beyond the yield strain €.



It was determined that the result for predicted capacity of the members was not
sensitive to the material parameters associated with deterioration of the stress-strain curve,
since member capacity was achieved just after vielding in the fibers of the cross-section
occurred.

The cross-section of each segment was discretized into 80 fibers over the depth.
Other input details used in the DGROUT to model the test specimens include defining a
model with 21 individual segments, where one segment in the middle of the model
represented the dent-damaged region. Other aspects of the M-P-@ approach are similar to
those discussed previously for the non-repaired member analysis M-P-@ procedure. More

complete details and a description of the theory and use of DGROUT can be found in Ricles

(1996).

A sample M-® relationship computed for Specimen All corresponding to an axial.
load (P) of 145 kips is shown in Figure 4.57. A comparison between the experimental load-
deformation response of the internal grout repaired members of the current test program
with that generated by the M-P-@ approach are shown in Figures 4.58(a) through (d). The
axial load-shortening response based on the transformed elastic axial stiffness indicated in

Figure 4.58 is defined by the following relationship:

P-k,..2 (417

P, L
where the equivalent elastic transformed axial stiffness (K ) of the internal grout repaired

member is equal to:

Kege= E Ay (4.18)

In Equation (4.18), E;, A,, and o, are the elastic modulus of the steel tubular, cross sectional
area of the steel tubuiar, and vield stress of the steel tubular, respectively, and Ay is the

transformed cross-sectional area of the grouted member defined as:
A
Ap=A + 5 4.19)

where n is the modular ration representing the ratio of steel to grout modulus.
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The M-P-® based method is shown in Figure 4.58 to overestimate the axizl stiffness
of the specimens. For Specimens A1l and C11 the predicted elastic stiffness agrees with the
initial tangent stiffness experimental result. However, for Specimens Al13 and CI3 the
experimental result is softer that the predicted initial stiffness. These latter two specimens
had a large out-of-straightness following denting (& = 0.021L and 0.017L, respectively),
and therefore the axial shortening caused by the geometric effect of bending was more
significant. The over-prediction in axial stiffness of Specimens A13 and CI13 is partially
attributed to the assumption that full composite action is maintained up to ultimate load in

the analysis, which increases the bending stiffness,

Numerical comparisons of the predicted Pyyp.g and experimental capacity Peyp, are
given in Table 4.5, and shown plotted in Figure 4.60 where they have been normalized by
the steel tubular yield load Py. These results and the axial load-shortening results shown in
Figure 4.58 both indicate that the capacity of Specimens A1l and C1] were over-predicted
(Prpa/ Py = 1.19) while that of Specimens A13 and C13 (Pyp.a/ Peyr, = 0.98 and 0.81,

respectively) were under-predicted.

All of the specimens of the current program were reanalyzed using a grout modulus
stiffness of E, = 1 ksi. This was done in order to evaluate the sensitivity to the assumed
value for grout modulus and to examine whether the grout acted mainly to prevent the dent
from growing inwards as opposed to ificreasing the tubular stiffness, The results for the
axial load-shortening predicted response are compared to that of the experimental response
in Figure 4.59(a) and (d). The associated elastic ascending axial stiffness is noted. A
summary of the ratio of Pyp ¢/ P..y is given in column 4 of Table 4.6, where the mean and
COV for the test specimens is 0.87 and 0.1 66. I is seen that the main effect of reducing the
grout modulus is to reduce the stiffness, with the strength also being reduced in Specimerns
Alland C11 1o 0.86 and 0.65 of the experimental resulz P For Specimens A2 and 13,

which had the more significant out-of-straightness and deeper dent depth, the predicted



strength did not change compared to the analysis based on the grout modulus using

Equation {2.1). However, the axial stiffness of all specimens is reduced.

Figures 4.61 and 4.62 plot the of ratio for Py.p.o/Pexp as a function of do/D and Dit,
respectively, for the data base of internally grout repaired specimens. The specimens
tested by Ricles et al. {1997] as well as the current program have been analyzed using the
grout modulus based on Equation (2.1) as well as a value of E; = | ksi. Figures 4.61 and
4.62 show that the prediction of the capacity of specimens tested by Boswell and D’Mello
[1990] have a considerable scatter when compared to experimental capacity, This scatter
is suspected to be partially attributed to the constant value of 10 for the grout modulus
reported by Boswell and D’Mello [1990], and which was used in the analysis.
Furthermore, these figures show that the M-P-@ based method tends to provides an un-
conservative estimate of repaired member strength when the full grout modulus is used,
particularly for cross-sections having D/t = 69. The histogram for the ratio of Pyp.o/Pesp
for the test specimens in the data base is shown in Figure 4.63, which has a mean value of
0.96 and coefficient of variation of 0.181. The analysis results included in Figure 4.63 are

solely based on a grout modulus from Equation (2.1).

In summary, the M-P-¢ based method tends to provide a higher prediction of
capacity compared to test results for specimens having a mild to moderate out-of-
straightness when the full stiffness value of the grout modulus is used. On the contrary,
for specimens with a deeper dent (which also had significant out-of-straightness) the
value of the grout modulus used in the analysis did not effect the capacity but did effect

the stiffness of the load-deformation response.

4.4.2.3. Finite Element Method (FEM)

ABAQUS was also used to analyze the intemal grout repaired specimens. The finite

element mesh used for analyzing internally grout repaired members is shown in Figure 4.64,
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where one-quarter of the member was modeled by taking advantage of symmetry. The
planes of symmetry were identical to those of the hon-repaired models, namely: along the
longitudinal z-axis with respect 1o the xz-plane and at midspan with respect to the Xy-plane,
The finite element model consisted of a total of 505 elements, 1671 nodes, and 8305
degrees of freedom. A combination of eight-node shell elements and eight-node and six-
node solid elements were used to mode] the member over a longitudinal distance from the
dent to three diameters away from midspan of the test specimen. The remaining part of the
member was modeled using beam-column elements. The solid elements were used to model
the internal grout, whereas the shell elements were used to model the stee] tube. Full bond
transfer was assumed between the shel] and the solid elements. As in the finite element
model of the non-repaired specimens, the model for the repaired specimens utilized
multiple point constraints at locations of mesh refinement to ensure compatibility between
the edges of the shell elements. The beam-column elements were assigned section
properties related to those of a composite grout filled beam-column. Constraint equations
were used to ensure compatibility between the beam-column and the shell and solid

elements at their interface,

The finite element analysis was based on an updated Lagrangian formulation to
account for large displacement effects, with Green’s strain and second Piola Kirchoff stress
to model the moderate strain level. For the steel tube, the von Mises yield criterion with the
associated flow rule and a mild amount of isotropic strain hardening was used to model the
inelastic material response. The grout was modeled using the concrete material option
available in the ABAQUS material library, where the value for the grout modulus was
based on Equation (2.1) using a grout strength of 80% of the measured cube strength. The
concrete material model in ABAQUS consists of 3 compressive vield/flow surface to mode]
the concrete response i predorminantly compressive states of stress, together with damaged
elasticity to represent cracks that have cceurred at a material calculation point. The
occurrence of cracks is defined by a crack detection failure surface which is considered to

be part of the elasticity. Cracking of the concrete due to excessive tensile strain is modeled
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in ABAQUS by a smeared crack approach. The concrete failure surfaces in plane stress
space are shown in Figure 4.65. A 16% increase in the compressive strength under biaxial
stress relative to the measured specimen grout cvlinder compressive strength f'; times 0.8
(ie., 0.8f",) was assumed in defining the failure compressive surface. The tensile surface
was based on a specified value of 9% of the uniaxial compressive strength for the uniaxial
tensile strength. The tension stiffening option in ABAQUS was used to simulate stress
transfer across a crack, with a gradual decrease in strength with further crack opening.

Complete details of the material model can be found in the ABAQUS User's Manual
[1993].

The finite element analysis of an internal grout repaired dented specimen involved
five stages and two models, némely: (1) imposing local dent-damage to a model of a
hollow steel tubular member by laterally supporting the member and loading it with a knife-
edge indentor to determine the coordinates of the shell elements and initial strain in the
damaged state; (2} unloading; and (3} removing the indentor and lateral support and writing
the coordinates and strain information to a file; (4) developing a new model that includes
the damaged steel tubular and stress-free grout, where the coordinate and initial strains due
to denting of the steel tubular are used to define this second model; and (5) applying the
axial load, utilizing the modified RIKS algorithm to obtain the non-linear axial-force
shortening response of the second model, and thus the behavior of a damaged member

having a internal grout repair. A sample input file for an analysis of a grout repaired

specimen is given in Appendix D.

Comparisons between the experimental load-deformation relationship of the internal
grout repaired specimens and that predicted using the finite element analysis are shown in
Figures 4.66(a) through {d}. For Specimens A1l and Cl11 the initial tangent elastic axial
stiffness of the finite element model agreed with that of the measured experimental
response, while that for Specimens A13 and CI3 shows disagreement. In all cases, for

increased axial load towards a specimen’s capacity the finite element analysis had a higher

432



axial stiffness than the experimental data. This discrepancy is attributed to the assumption
that in the model that full composite action is maintained between the grout and steel up to
and beyond ultimate Ioad, causing a greater stiffness. The larger discrepancy between the
measured stiffness of Specimens A13 and C13 and the finite element results is attributed to
the more significant contribution of the bending to axial shortening due to geometric effects,

and the fact that the model has too large a bending stiffness.

It was found that the convergence of the finite element solution on the descending
branch of the load-deformation response was difficult to achieve. This phenomenon is
associated with the simultaneous occurrence of the nonlinearities due to grout cracking and
steel yielding. The descending branch of response was for that reason not computed for
larger values of axial shortening than that shown in Figure 4.66. The prediction of Ultimate
load (Pggy) for all of the specimens was overestimated by the analysis. A summary of the
ratio of predicted-to-experimental capacity Peea/Py, is given in column 7 of Table 4.5, and
plotted in Figure 4.70 in normalized format. The mean and COV for the ratio Pepai/Peyy is

1.24 and 0.065, respectively.

All of the test specimens were reanalyzed with the grout stiffness E,; assigned a
value of 1 ksi in order to evaluate the contribution of the grout to preventing the dent from
growing inwards without enhancing the axial stiffness of the member. The results for
normalized axial load-shortening are shown plotted in Figure 4.67, where a better
agreement with experimental data exists than the analysis having full grout stiffness.
Numerical comparisons between the results of these latter finite element analysis (Peepg)
and experimental axial load capacity (Peyp) are given in column 5 of Table 4.6, The mean

and coefficient of variation for the ratio of Prem/Pep are 1,05 and G091, respectively,
Longitudinal stress contours for the steel and grout elements of the model for
Specimen AT are shown in Figures 4.68 and 4.69. These results are for the model having a

reduced grout modulus and correspond to when an axial deformation of just beyond the
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peak axial load was achieved in the analysis. An examination of these figures reveals the
extent of compression yielding on the sides of the steel tube, maximum grout stress under
and in the vicinity of the dent saddle, and tension cracking of the grout at the bottom of the
dented cross-section (where the stress contours show the largest tensile stress). This
yielding pattern and locations of maximum grout stress was consistent with experimental
observations for tube yielding and grout crushing in the vicinity of the dent saddle (see
Figure 3.46, 3.51, and 3.105).

Figures 4.71 and 4.72 plot the ratio of predicted to experimental capacity
Prem/Pesp as a function of do/D and D/t to assess the sensitivity of the analyses to damage
and geometric properties, respectively. Included in these plots are analysis results of
specimens tested by Ricles et al. [1992, 1997] where the dent depth dy was 0.1D, 0.15D,
and 0.3D. Predictions based on a reduced and full grout modulus stiffness of some of the
specimens are noted in Figure 4.71 and 4.72. The results shown in these figures indicate
that the non-linear finite element model is in general not especially sensitive to dent-depth
nor D/t ratio when using a reduced grout stiffness of E; equal to 1 ksi. A histogram for the
ratio of Prem/Pexp for these 14 test specimens is given in Figure 4.73, where the predicted
capacity Prem is based on a full grout stiffness per Equation (2.1). The mean and

coefficient of variation for the histogram is 1.02 and 0.081, respectively.

In summary, it appears that the use of the non-linear finite element method can
produce reasonable predictions for specimen behavior,, However, the stiffness and
capacity of members tends to be overestimated when the full stiffness of the grout is used

in the model. A reduced grout modulus results in a closer upper bound prediction for

member capacity.
4.5, Repair Feasibility Study

The M-P-® based method in conjunction with numerical integration is

computationally efficient compared to the nonlinear finite element method. In a previous
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investigation by Ricles et al. {1997] the M-P-® approach was used 1o conduct a parametric
study in order to investigate the interaction of global damaged out-of-straightness (8,/1.) and
dent-depth (dy/D) on the residual and repaired capacities of non-repaired and internal grout
repaired members, respectively, having the D/t ratios of 34.5, 46 and 69 Member
slenderness (kL/r), grout compressive strength (f°,), and steel vield strength (6,) were each
fixed at 60, 5.0 ksi, and 35 ksi, respectively, which were values approximately equal to
those of the test specimens. The full grout stiffness was used in the study,

The results for this parametric study related to a comparison of the non-repaired
strength with grout repaired strength as a function of dent-depth (dy/D} and damaged out-of-
straightness (8,/L) are shown in Figures 4.74 and 4.75. In these figures the predicted
strength P, has been normalized by the yield strength (P} of the steel tubular, and the
repaired surface is represented by the shaded surface. The results in Figures 4.74 and 4.75

show that both the non-repaired and repaired strengths are significantly influenced by the

values of dy/D and §/L.

The results of the parametric study that compares repaired strength and non-
damaged capacity are shown plotted in Figures 4.76 and 4.77 for the normalized strength
(Pu/Py) as a function of the variables 5/L and d/D for members with D/t ratios of 34.5 and
69, respectively. In these figures, the shaded surface is associated with non-damaged
residual capacity (P,) and the unshaded surface the repaired strength after internal grouting,
The non-damaged strength (P.) was estimated using the Structural Stability Research
Council’s Column Curve | [Galambos, 1988] and a member out-of-straightness of §, =
0.001L, based on the API-RP2A LFRD [1993] limit for out-of-straightness. It is seen in
these figures, as in Figures 4.74 and 4.75, that a greater reduction in repaired capacity and
the ability of the repair to enhance the strength of a damaged member occurs when the
effects of out-of-straightness and dent-depth are both considered.

An expression ¢ for the line formed by the intersection of these two surfaces was
obtainied through regression analysis by Ricles et al. [1997], where for D/t = 34.5, kL/r = 60,

and do/D < 0,33,
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and for D/t = 69, klL/r = 60, and do/D < 0.40,
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For a given D/t ratio, the internal grout repair is a viable repair technigue to restore a
member’s capacity to its non-damaged strength (P,) if the values for 8y/1. and dy/D result in
a positive value for & when substituted into the above limit state equations. As specifically
implied by Equation 4.20(a), a member with a D/t ratio of 34.5 and having a dent-depth
exceeding 0.33D cannot have its full non-damaged strength reinstated by internal grout
repair, no matter how small the member’s out-of-straightness is. A comparison of these
regression equations with the analysis data of the M-P-@ based method, as well as with the
experimental data for each D/t of the repaired specimens of the current study and those by
Ricles et al. [1997], are shown in Figures 4.78 and 4.79. In these figures P, designates
repaired capacity and P, the non-damaged capacity per SSRC Curve 1 [Galambos, 1988].

For the specimens with D/t ratios of 34.5 the function ¢ 1s shown to be consistent
with the experimental results, where experimental data points inside the limit state surface
have P, exceed P, and outside the limit state surface P, is less than P,. In Figure 4.79 the M-
P-® based method is shown to over-predict the capacity of the specimens which have a D/t
ratio of 69, for the coordinates related to Specimens C7, Ct1, and C9 plot in the region
where repair is predicted to be fully effective yet the experimental capacity P, was equal to
92%, 93%, and 69%, respectively, of the non-damaged capacity P,. This tendency to over-
predict the axial capacity of specimens with D/t ratios of 6% was noted in the previous
section discussing the accuracy of the M-P-® based method. The limit state function ¢ in
Figure 4.79 therefore needs to be calibrated in order to more accurately reflect the observed
experimental trend involving specimens with D/t equal to 69. This may require reducing the

stiffness of the grout.
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CHAPTER 35
SUMMARY AND RECOMMENDATIONS

5.1. Summary

The research described in this report was performed with the principal objective
of evaluating the residual strength and internal grout repair of long tubulars with deep
dents. The work performed consisted of experimental and analytical studies, and resulted
in identifying the range in which internal grout repair is effective as well as the reliability
of existing analytical methods in predicting the behavior of non-repaired as well as

internal grout repaired tubulars having deep dents.

In all, nine specimens were tested to evaluate the effect of severe dent damage on
the residual strength and repair of tubular members. Two different dent depths were
investigated, namely 25% and 50% of the tubulars diameter (D), as well as two different
diameter-to-thickness ratios (D/t) of 34.5 and 69. The corresponding out-of-straightness
(8p) following denting ranged from approximately 0.005 of the members length (L) to
0.02L. The dent was imposed to each specimen by laterally loading a supported tubular at
midspan with a steel wedge, simulating a knife-edge, under controlled displacement in
order to cause a sharp dent profile. Each of the dented specimens was tested with simply

supported end conditions under concentrically applied axial load,

Four of the specimens were non-repaired, where for each of the two dent depths
two specimens were tested that had a D/t ratio of 34.5 and 69, respectively. Four of the
specimens were repaired by internal grout, where each of these specimens had dent
damage and section ¢ross-sectional dimensions that corresponded 1o the non-repaired
specimens. One specimen was tested that had a dent depth of 0.5D and D/t ratio of 69,

and which was repaired using a grouted steel sieeve over the damaged section.



The observations drawn from this test program were as follows:

D

3)

The non-repaired specimens were found to have their dent grow deeper under
the application of axial load. This resulted in yvielding of the tubular wall in the
vicinity of the dented cross-section, leading to a reduction in stiffness and

axial load carrying capacity.

The depth of the dent and the specimen’s D/t ratio were found to influence the
residual strength. The capacity of the non-repaired specimens with a dent
depth of 0.25D and D/t ratio of 34.5 and 69 was 42% and 32%, respectively,
of their corresponding undamaged strength. The capacity of the non-repaired
specimens having a dent depth of 0.5D and D/t ratio of 34.5 and 69 was 18%

and 12% of their corresponding undamaged strength.

The repair of the dented test specimens was found to inhibit the dent growth
during testing, and resulted in an increase in the tubular’s capacity. Dented
specimens of larger D/t ratio benefited more from internal grouting. The
increase in strength of the internal grout repaired specimens with a dent depth
of 0.25D was 1.6 and 2.8 times the non-repaired strength of tubulars with a
D/t ratio of 34.5 and 69, respectively. For a dent depth of 0.5D the increase in
strength by internal grout repair was 1.3 and 2.9 times that of the non-repaired
capacity for tubulars with a D/t ratio of 34.5 and 69. The grouted sleeve
resulted in an increase of 5.1 times the non-damaged strength for the tubular
with a dent depth of 0.5D and D/t ratio of 69. The failure of the grouted sleeve
repaired specimen was outside the sleeve, adjacent to the sleeve, where
vielding and Iocal buckling occurred. The out-of-straightness and D/t ratio of
the damaged tabular at this focation has a significant effect on the repaired
capacity. The failure of the internal grout repaired specimens consisted of
yielding of the steel tubular in the vicinity of the dented cross-section,

resulting in the formulation of a plastic hinge as plobal buckling occurred. The
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dent depth and out-of-straightness at the dented section have a significant

effect on member repaired capacity.

4 An examination of the data of the study and that of tests from concurrent and
previous experimental studies involving simply supported columns subjected
to axial load indicates that dent-damaged tbulars with a dent depth of less
than 0.2D and out-of-straightness less than 0.002L can have their strength
restored to that of a corresponding undamaged tubular by the use of internal
grout repair. Specimens of deeper dent depth would require the use of a
grouted clamp in order to restore their strength to that of a corresponding non-

damaged tubular.

The analytical study involved evaluating the ability of existing methods to predict
the behavior of the test specimens, which had dent depths greater than that which the
methods were calibrated for. The methods of analysis for the non-repaired specimens
included beam-column formulations; the DENTA computer program; moment-thrust-
curvature M-P-¢ integration (similar to that used by the computer program BCDENT?:
and the non-linear finite element method. For the internal grout repaired specimens the
same analysis methods except for DENTA were used. The grout was accounted for in
these analyses, with the M-P-¢ integration method being based on section analysis of a
grout filled tubular. To assess the methods for a broader range of dent depth and member

D/t ratio, the test specimens of concurrent and previous experimental studies were also

analyzed.
The observations drawn from this analytical study were as follows:

13 The beam-column formulations for nop-repaired specimens were found to
underestimate the residual strength of the test specimens of the current study,
However, the unity check procedure developed by Lok {1993] was found 1o
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significantly overestimate the capacity of the specimens having a dent depth of
0.5D, where the predicted capacity was 1.33 and 1.93 times that of the
experimental strength of specimens with a D/t ratio of 34.5 and 69,
respectively. This can be explained by the fact that the procedure has been
calibrated for specimens having dent depths up to about 0.2D. For dent depths
of 0.3D to 0.5D, Ellinas’ formulation [1984] is the most accurate of the beam-
column analysis methods. However, unlike Loh’s formulation that explicitly
includes member end moments, as it is the case in practical design, Ellinas’
formulation does not accommodate moments directly. The predicted capacity
using the M-P-¢ method was found to underestimate specimen strength,
particularly for tubulars having the higher D/t ratio of 69 where the estimated
strength was 0.68 and 0.37 of the experimental capacity for specimens with a
dent depth of 0.25D and 0.5D, respectively. The poor estimate in specimen
capacity by the M-P-¢ integration method of analysis is due to the use of the
empirical M-P-0 relationships developed by Duan et al. [1993] for tubulars
with dent depths up to about 0.2D. The finite element method, using the non-
linear computer program ABAQUS [1993], was found to provide the most
accurate prediction of specimen strength and general behavior. However, the
analysis are time consuming in that the denting process is also simulated and a
new dent depth requires a complete new analysis. The ratio of predicted-to-
experimental capacity was found to have a mean of 1.01 and a coefficient of
variation of 17% using the finite element method in conjunction with

measured specimen material and geometric properties.

3y The computer program DENTA [Taby et al. 19861 conservatively

underpredicted the capacity of the two test specimens with 2 dent depth of

0.25D. For dent depths greater than 0.3D the program had convergence

problems.



3)

4)

The analysis of the interpal grout repaired specimens of the current study was
found to be overestimated by the beam-column formulation of Parsanejad
{1987]. Better accuracy was achieved using the modified AISC method
fecommended by Loh [19911, where the Inean coefficient of varjation for the
ratio of predicted-to-experimental capacity was 1.01 and 11%, respectively,
This accuracy was achieved using a value for the grout modulus E, based on
80% of the measured grout cube compressive strength in conjunction with the
formula by Lamport [1988]. The stiffness of the grout was found to
significantly effect the predicted behavior of the repaired tubulars using the
M-P-¢ and finite element methods, where full composite action was assumed.
Both of these methods tended to over predict the stiffness and strength of the
dented tubular. More conservative predictions were achieved using a reduced
grout stiffness of E, = 1 ksi. For this latter sct of analysis, the mean and
coefficient of variation for the ratio of pr‘cdicted-to—experimenta% capacity was
0.82 and 17% respectively, using the M-P-¢ integration method, and 1.05 and
9% using the finite element method, respectively. When using the grout
stiffness based on Lamport’s formulation the mean and coefficient of variation
were .05 and 18%, respectively, for the M-P-¢ integration method and 1.24

and 7%,respectively, for the finite element method.

An assessment of the analytical methods by a comparison of predicted-to-
experimental capacity of test specimens from the current, concurrent and
previous studies indicated that, in an average sense, Loh’s formulation is the
most accurate of the beam-column analysis methods for predicting the residual
strength of non-repaired tubulars with dent depths and D/t ratios in the range
of U to 05D and 28 o 120, respectively. However, as noted above this
formulation over predicts the capacity of specimens with dent depths of (.50,
Ellinas’ beam-column formulation gave a better prediction than Loh’s for
specimens with a dent depth of 0.3D. The M-P-¢ integration method wias
found to have more scatter for the same range of dent depth and D/ ratio,
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3)

particularly for specimens having dent depths greater than 0.2D or D/t ratios
greater than 90. The finite element method using ABAQUS was found to be
the most accurate of the analysis methods for non-repaired specimens having a
dent depth and D/t ratio in the range of 0 to 0.5D and 28 to 90, respectively.

However, as noted above, the method is time consuming.

For the internal grout repaired specimens an assessment of the analytical
methods by a comparison of predicted-to-experimental capacity of test
specimens from the current, concurrent and previous studies indicated that the
value of the grout modulus can have a significant effect on the predicted
behavior. Uncertainties in the reported values of the grout modulus of
previous studies [Boswell and D’Mello 1990] led to a large coefficient of
variation in the predicted strength. For the same data base, Parsanejad’s
formulation and Loh’s modified AISC method had a coefficient of variation of
19% and 22%, respectively, however the latter was found to have a mean
value (0.94) for the ratio of predicted-to-experimental capacity that was
conservative and closer to unity than the results using Parsanejad’s method.
The analysis of the same data base using the M-P-¢ integration method for
internal grout filled tubulars had a coefficient of variation of 18% and mean of
0.96, indicating a smaller improvement in accuracy compared to the modified
AISC method. An assessment of the analysis of some of the specimens in the
data base using the finite element method and assuming full composite action
indicated that the capacity of the specimens is over predicted when the grout
modulus has its full stiffness (i.e., when it is assumed that E; has a value based
on Lamport’s formula with 80% of the compressive capacity]. As in the M-P-
# integration analvsis method a more conservative and accurate prediction is
achieved when using a significantly reduced value for the grout modulus of Eg
= 1 ksi. The M-P-¢ and finite element analysis methods both appear to be
sensitive to grout properties, thereby making these methods unreliable for
capacity prediction until a rigorous calibration can be made.
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6) The comparison of the test results with an analytical parametric study on the

feasibility of repair by Ricles et al. [1997] in a concurrent project indicates
that dent depth and out-of-straightness both influence the residual strength and
repairability. This parametric study found that a parabolic formula could be
used to expressive the feasibility of repair as a function of member dent depth
and out-of-straightness. A comparison of this expression with the test
specimens having a D/t ratio of 34.5 resulted in good agreement, while that
with specimens with D/t = 69 showed more of a discrepancy and the need
when evaluating tubulars with such a D/t ratio to refine the M-P-¢ integration

method used in the analysis.

5.2. Recommendations

Recommendations are made based on the completed research of this project.

These recommendations include the application of the information and results acquired in

this project as well as future research that i1s considered to be necessary in order to

improve and generalize the completed research in order to make 1t more valuable to

industry.

3.2.1. Recommendations for Application of Completed Research

Repair of Dented Members:

i} Depending on the level of required repair strength needed of a dented tubular,

internal grout repair 18 recommended for tubulars with dent depths less than
G150 and out-of-straightness of 0.00ZL when the full design strength (e,
undarnagea capacity} is required of the member. For deeper dent depths, or
greater out-of-straightness, grouted clamps are recommended when the
member’s full undamaged capacity is required to be restored. In cases when

the full undarnaged strength does not have to be restored, internal grout repair

-
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may be considered. In designing the clamp, consideration should be given to
the damaged member’s out-of-straightness to ensure proper fit up as well as

susceptibility of the tubular to failure at the end of the clamp.

Capacity Prediction of As-Dented Members:

2)

3)

4)

5)

6)

Because of its ease of use, Loh’s unity check method for the analysis of the
residual strength of non-repaired dented tubulars [Loh et al. 1992] is

recommended for members with dent depths up to 0.3D.

For dents between 30% and 50% of the member’s diameter D use Ellinas’
formulation [1984]. However, provisions should be made to incorporate the

effect of the end momenits.

To estimate the capacity for multiple-dent cases, in which dents are present at
different longitudinal locations and in different circumferential orientations,
check each dent at midspan, as indicated above, subjected to axial load and the

moment components resolved about the dent cross-sectional axes.

If more accurate estimates are required for the multiple-dent case, use
BCDENT or an similar M-P-¢ integration based analysis program, provided
that dent depths are less than 0.30D.

For single-dent members at midspan deeper than 0.50D, conduct a finite
element analysis that includes the denting process. For deep dented cases, the
shape of the dent cross section becomnes important - flat versus a hammock-

shaped dent trough. Use of flat dents is conservative.
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Capacity Prediction of Internal Grout Repaired Members:

73 Use Loh’s formulation {1991} up to dent depths of 0.50D with the end
moments decomposed unto the dent cross sectional axes. Assume grouts
typical of those used offshore. In absence of specific data, use a cube strength

of 40 MPa and a steel-grout modular ratio of 18.

8) Use of the current version of BCDENT with calculated M-P-6 input for grout

filled tubulars is only recommended to obtain an indication of capacity,

9) Unless further calibration is made, finite element analyses are not

recommended due to cost, effort, and uncertainty.

5.2.2. Recommendations for Future Research

Based on the research results described on this report, the following studies are

recommended for future work:

) Experimental tests of short as-dented and grouted-dented tubular columns
with dent depths between 30% and 50% of their diameter to determine the
moment-rotation behavior at constant axial load for a given D/t ratio. These
test results will acquire information on the M-P-¢ relationships needed to fully

utilize BCDENT.

2} Additional iests as above © study the effect of the dent cross-sectional shape
Hkely 1o ocour in tubulars with relatively large D/t ratio. In this case. the dent
trough i not fat but hammock-shaped. Members with more realistic dent
shape shouid have significantly higher residual strength than those with flat

dents.

c.:;g
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3) More extensive non-linear finite element studies of existing experimental

results in order to more thoroughly evaluate the sensitivity of predicted

behavior to modeling assumptions and to develop calibrated models.
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Table 2.3 - Test Specimen Parameters Based on Measured Specimen Geometry

Test  [Specimen Dt KL/r A=K .ii\‘f
Series ’
l AlD 33.8 399 0.622
Cl10 67.6 59.9 4.670
2 Al2 34.1 39.8 0.644
Ci2 68.9 39.8 0.676
3 All 34.5 60.1 0.663
C1l 68.1 59.9 0.661
4 Al3 34.1 59.9 0.645
CI3 68.8 56.7 0.685
5 C15 68.8 59.9 0.650

Table 2.4 - Measured Specimen Damaged Geometry

Test 8,/ d/D W,
Series Specimen (inch)
1 AlO 0.0064 0.253 7
C10 0.0052 0.250 7
2 AlZ 0.0174 0.491 8.5
Ci12 0.0152 0.495 8.5
3 All 0.0059 0.251 7
Cli 0.0051 0.255 7
4 Al3 0.0211 0.500 8.5
C13 6.0166 0.498 8.3
5 C15 0.01350 0.499 8.3
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Table 2.6 - Measured Specimen Grout Material Properties

Compressive |Grout Elastic
Test | Specimen ! Grout Stress| Modulus'
Series ', (ksi) E, (ksi)
1 AlO .
C10 -
2 Al2 -
C12 -
3 All 5.97 3498
Cll 5.90 3477
4 Al3 7.69 3970
Cl13 7.55 3934
5 C15 3.77 2780

' Based on Equation (2.1)

Table 2.7 - Summary of Grout Cylinder Tests

Grout Cube Grout Cylinder Cylinder Elastic
Cylinder Compressive Compressive Modulus
Strength, ', (psi) Strength, °. (psi) E. (ksi)
1 7550 4630 3750
2 7550 4890 3600




Table 4.1 - Test Specimen Peak Experimental Loads (Pey,)

Test Nominal Pexp Pexp
Series Specimen I)en(t{;szepth (kips) P, Comments

1 AlO 0.25D 98 0.37 | Non-repaired
C10 37 0.28 | Non-repaired

2z Al2 0.50D 39 0.16 | Non-repaired
Ci2 14 0.11 | Non-repaired

3 All 0.25D 158 0.62 |Internal Grout Repaired
Cl11 104 0.82 |Internal Grout Repaired

4 Al3 0.50D 50 0.21 |Internal Grout Repaired
C13 40 0.29 |Internal Grout Repaired
Cl15 72 0.56 | Grouted Sleeve Repair

! Measured Dent-Depths are Reported in Table 2.4




Specimen Capacity (P,)

Table 4.2 - Comparison of Non-Repaired Residual Strength (P,,) with Non-Damaged

Test P
Series  [Specimen | (kips) P,

1 Al0 98 0.42

C10 37 0.32

2 AlZ 39 0.18

Ci2 14 0.12

Damaged (P,) Specimen Capacities

Table 4.3 - Comparison of Repaired Strength (P,) with Non-Repaired (P, and Non-

Test P, P, P,
Series |Specimen | (kips) P, P,
3 All 158 1.61 0.68
Cl1 104 2.81 0.93
4 Al3 50 1.28 0.23
C13 40 2.86 0.32
Cis5 72 3.11 0.64




Table 4.4 - Comparison of Predicted and Experimental Results for the Residual Strength
of Damaged, Non-Repaired Specimens

Ellinas | DENTA | UCDENT| Unity M-P-® | FEM
Test | Spec. | Pey |Equation Check
Series (kips) | Pepinas | Poenta | Pucpent | Puniyonk Pure | pe,,
Pr:xp P exp P&x;} Pexp P'”‘P Pexp
1 AlG | 98 0.67 0.72 0.41 0.87 0.90 1.01
Cio | 37 0.85 0.87 0.56 1.07 0.68 (.99
2 Al2 ] 39 0.71 * 0.27 1.33 0.86 0.81
Cl2 14 0.92 * 0.38 1.93 0.37 1.24
Meani 0.79 0.79 0.40 1.25 0.70 1.01
COV | 0.149 0.137 0.302 0.349 0.341 0.174

* analysis did not converge.

Table 4.5 - Comparison of Predicted and Experimental Results for the Strength of
Internal Grout Repaired Specimens (Grout Modulus Based on Egn (2.1))

Parsanejad | Modified | M-P-® FEM
Test | Spec. | Pexy Equation AlISC

Series (kips) | _Prarsanciad | Pmod-aisc Prro Prry
Pesp Pop Pex;: Pexp

3 All | 158 1.02 1.10 1.19 1.15
Cil | 104 1.05 1.09 1.19 1.37

4 Al3 | 50 1.26 0.96 0.98 1.22
C13 | 40 1.14 0.87 0.81 1.23

Mean 1.12 1.01 1.05 1.24

cOov 0.093 0.113 0.179 0.065




Table 4.6 - Comparison of Predicted and Experimental Results for the Strength of
Internai Grout Repaired Specimens (Reduced Grout Modulus E; =1 ksi)

M-P-® FEM
Test | Spec. Pesp

Series (kips) | Pure | p_
Pr:xp Pex o

3 All | 138 0.86 1.13
Cll | 104 0.65 0.89

4 Al3 | 50 0.98 I.11
CIl3 | 40 0.81 1.09

Mean! 0.82 1.05

COV | 0.166 0.091
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Figure 2.1 - Range of Measured Specimen D/t and d/D Ratios Tested in Current Program
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Specimens A6, A8, and A10 of Companion Study by Ricles et al. [1997]
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Figure 2.

3 - Two 150 ton Hydraulic Cylinders Attached to Tension Rods and K
Against the Backside of the Reaction Block

eacting



Figure 2.31 - Sliding Load Beam and Reinforced Concrete Guide Block
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Figure 2.32 - Schematic of Sliding Track System Installed onto the Guide Block
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Figure 2.30 - Ball-and-Socket Bearing Connection Al

lowing Free Rotation of the Ends of
the Specimen
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Figure 2.26 - Inclined Set-up for Internal Grouting of Repaired Specimens
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Figure 2.18 - Photograph of Stub Column Specimen After Development of
Stgnificant Local Buckling in the Post-Ultimate Load Range
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Figure 2.15 - View of Tensile Coupon During Testing
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Figure 2.12(a) - Dent Profile for Specimen A1 (dy=0.25D)

Figure 2.12(b) - Dent Profile for Specimen 15 (d,

= 0.3
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Figure 2.6 - View of Specimen in Universal Test Machine During the Application of
Dent-Damage

Figure 2.7 - Close-up View of Knife-edge Indentor Used to [nflict Dent-Damage
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Figure 3.41 - Dented Region of Specimen C12 at Conclusion of Test
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Figure 3.37 - Specimen C12 at Peak Axial Load



1.00
_ Dt = 69
a ) d . =0.495D
o d
g‘ 0.75“: _E# Py = 133 kips
S | g,
© {1 N1
§ 0.50 -
o i
A J
©
E ’ P =010P
5 0.25 u y
i
b T | g e B S
O ¥ Li 1 E T T 11 i T 1 T
0 0.005 0.010 0.015

Normalized Axial Shortening, A/L

Figure 3.34 - Normalized Axial Load-Shortening Response of Specimen C12

1.00
) Inital Dent-Depth
> d,=0.495D
8 0.75+
o "
@
O .
ol
= 1
3 0.50
- 4
8 '
“"& -
E 0.25-
3 J
z -
G @ E ¥ 1 T ¥ + H 1 ! T K H

I ' i
0 g.10 0.20 0.30 0.40 0.50

Normalized Dent Growth, d d!i)

Figure 3.35 - Normalized Dent Growth of Specimen C12



Figure 3.33 - Specimen C12 Prior to T esting
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Figure 3.23 - Specimen A12 Prior to Testing




1.00 f
> 1 wa 2 E
g S|
- 0.75 - i
"g g Gages at Dented
_0.3 . ™ Cross-section
o B !
2 0.50 ‘
s East (E)
3 4
I \
® 0.25 ﬁ‘-ﬂf‘ T
g .
=3 -
< 4 West (W)
O ¥ ¥ 1 i L4 E E L] 1 ¥ l L] 1 ¥
-2000 -1000 0 1000 2000

Midspan Longitudinal Strains (ue)
Figure 3.20 - Strain History at Midspan Dent of Specimen C10

Figure 3.21 - Dented Region of Specimen C10 Near End of Test



Figure 3.18 - Dented Region of Specimen C10 After Developing Peak Axial Load
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Figure 3.15 - Specimen C10 at Peak Applied Axial Load



Figure 3.12 - Specimen C10 Dented Region Prior to Testing
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Figure 3.13 - Normalized Axial Load-Shortening Response of Specimen C10
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Figure 3.11 - Top View of Dented Region After Formation of Plastic Hinge
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Figure 3.2 - Specimen A10 Prior to Testing
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Figure 2.36 - Photograph of Slip Gage Instrumentation
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Figure 2.37 - Photograph of Dent Depth Growth Instrumentation
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Figure 3.90 - Local Buckle in Tube at South End of Grouted Sleeve
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Figure 3.91 - Specimen C135 Lateral Displacement After Developing Local Buckling in
Tube at Scuth {Left) End of Sleeve
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Figuare 3.87 - Specimen C15 Near Ultimate Load
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Figure 3.83 - Specimen C15 Prior to Testing
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Figure 3.81 - Specimen C13 at End of Test
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Figure 3.77 - Specimen C13 at Application of Maximum Axial Load
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Figure 3.72 - Overall View of Specimen A13 at End of Test

Figure 3.73 - Specimen 12 Prior to Test
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Figure 3.60 - Specimen C11 After Achieving Maximum Axial Load (& = 0.011, )

Figure 3.61 - Dented Region of Specimen C11 Afier Developing Maximum Load
(A= 00089



1.00

~ | |
. j | South
g R
o 0.?5": ) !
©
3 : |
= . North | !
@ 1 / I
3 0.50- E |
& ]
< ] t
o - ; i
N ] ! |
] —
£ 0.25+4 :
g Yield Strain | l
i ]
O T £ 1 1 ¥ ¥ 1 i ¥ i £ E ¥ ¥ L i'
-4000 -3000 -2000 ~1000 0
Dent Saddle Strains (ug)
Figure 3.58 - Strain History Inside Dent Saddle of Specimen C11
0.01
2" : P oax /0.75 P ax
5 0.00 tesar=—ox __s;\ — 7 7
g 7 N e
& i . s
g -0.01- N Pr
@) - N PR
Py ] .
o i ~ o
S -0.02- T~ .
T ] o Pm{ -
fon
= 1 (Post-P__J
& -0.03+
B |
= ;
g “{},{}4 ¥ 3 T H ¥ H T H H 1 ¥ ¥ ¥
0.00 0.25 G.50 0.75 1.00

Normalized Distance Along Specimen, x/L.

Figure 3.59 - Measured Latera! Displacements of Specimen C11 at Various

Stages of Loading



. *
Q .
Q. L"\
o
1]
O
wnnd
©
>
<X
b4 8
N Y p
c N
< L
‘ T ¥ } ’ H ¥ I ¥ Li
0 0.005 0.010 0.015

Normalized Applied Load, P/p

Normalized Midspan In-Plane Deflection, &/L

Figure 3.56 - Axial Load-Midspan Deflection Response of Specimen C11

Gages at Dented
Cross-section

i

{j ¥ - H T ]
-20006 -1000 G 1000

Midspan Longitudinal Strains (ug)

¥

2000

Figure 3.57 - Strain History at Midspan Dent of Specimen C11



1.00

5 ESPAt, Transfsc?;ned Elastic iy

. iffness =
« 10 v
{1 = ips
,U-" O‘?’S"‘“ Y
m =
o
d
K
z 0.50-
g
43
M
g
5 0.25
P4

O i T T T 3 13 H T ¥ Y

i 1
0 0.005 0.010 0.015
Normalized Axial Shortening, AL
Figure 3.54 - Normalized Axial Load-Shortening Response of Specimen C11

] Initial Dent-Depth
> d,=0255D

Normalized Axial Load, P/P
<
o
<
, N

0 : ? 3 ¥ ¥
G 8.10 0.20 0.30
Normalized Dent Growth, dy/D

0.40 0.50

Figure 3.55 - Normalized Dent Growth of Specimen C11



Figure 3.52 - Side View of Dented Region of Specimen A11 Near End of Test

Figure 3.53 - Specimen €11 Prior to Testing



Figure 3.51 - Dented Regions of Specimen A1l Near End of Test
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Figure 3.42 - Specimen Al1 Prior to Testing
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Figure 3.107 - Exposed Grout in Dented Zone of Specimen A13 After
Completion of Testing

Figure 3.108 - Exposed Grout in Dented Zone of §
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Figure 3.105 - Exposed Grout in Dented Zone of Specimen A1l After
Completion of Testing

Figure 3.106 - Exposed Grout in Dented Zone of Specimen C11 After
Completion of Testing
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APPENDIX A

SPECIMEN MEASURED OUT -OF-STRAIGHTNESS
FOLLOWING DENTING
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APPENDIX B

SPECIMEN MEASURED DENT PROFILES
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» Non-repaired
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*****&***#******%**#******#***$*#**********ﬁ*ﬁ*******ﬂ*#********ﬁ****#**ﬁ*i*****

o MODEL DEFINITION OF TUBE ALO

wE Non-repaired, dented tubular with dent depth = (0.253D,
o damaged out-of-straightness = 0.0064L.

wx File created by T.K. Sooi and I M. Ricles

w* Lehigh University

*#*#*****#*#*****##**********#******************#**#*****#*ﬁﬁ%*******ﬁ*#**k***z*#

% FILE NAME: A10.np
** JOB NAME: A10
** ABAQUS Version 5.3

%

H* INTRODUCTION

FA

*+* Input file for denting of Tube A10.

£ 3

**(" The tube has the following properties.

#*( Fy=36 ksi, E=29500 ksi,

*+(* radius measured to the shell middle surface =4.189 in.
#k(" thickness=0.235 in.,, L=177.19 in.

HAk

#%(" The analysis is broken into four steps.

#* Step | Modal definition and denting by knife edge indentor.
#* Step 2: Removal of knife edge indentor.

#* Step 3: Definition of new boundary conditions to receive axial load,

*#* Step 41 Application of axial load.
P

&

*HEADING
RICLES JIP SPECIMEN A10

*%

*RESTART, WRITE, FREQUENCY=25

A

ok NODAL DEFINITION

**..,n-..uu....q-.-.‘...“.u.u‘-n“unnn...nu.u“uu......_.u“

L

*+C Definition of Nodal coordinates using cylindrical coordinate systems.
*+C Only one Quarter of the tube is modeled. Nodal coordinates
**( at the mid-span and the end of the tube are defined.

Lt

*NODE,NSET=SHELL. SYSTEM=C

1,4.1895.0.0.

37.4,1895, 1800,

5437.4.1895.0,.89.8

R473.4. 1895, 180,896

##

*#(7 Nodes generation

L 4

*NGEN,NSET=DENT LINE=C
1.37,1,,0.0.0.0.0.1

FNCGEN NSET=END.LINE=C
§437 8473,1,,40.,0.89.6,0.0.,100.
*MEILL NSET=NTUBE

™

Pk



DENT.END, 228,37

e de

**C An element named MASTER at the end of tibe with (0% eccentricity,
**C This element is used for lvad/displacement application.

£33

*NODE NSET=MASTER

9969.0..0.,89.6

ok

**C Elements generation, § noded shel element is used,
L33

*ELEMEN’I",TY’?E:SSRS,ELSET::ETUBE

1,1 3,77,75,2,40,76,38 '

217,889,893 1041, 1037,891,967,1039,963
27},l7’77,E?81,2225,2221,1779,20{)3,2223,1999

*k

**C Element generation
*ELGEN,ELSET=ETUBE
L182,1,12,74,18
217,94,1,6,148.9
271,9.4,1,15,444.9

&k

RN RIGID KNIFE INDENTOR

**C Nodes to define rigid knife indentor, Nodes 10001 through 10017 define the nodes

**C for the rigid knife indentor.

Fok

*NODE, NSET=KNIFE

10001,4.1895,0.0000,0.

10002,4.1895,0.365139.0.

10003,4.1895,0.727499 0,

10004,4.1895,1.084322.0.

100035,4.1895,1.432893.0,

10006,4.1895,1.770559,0,

10007,4.1895,2.09475 0.

10008.4.1895,2.402998 0.

10009,4.1895,2.692059,0.

10010,4.1895,2.962424.0,

10011,4.1895,3.209343 0.

10012.4.1895,3.431837.0.

10013,4.1895,3. 628210.0.

10014,4.1895,3.796576 0,

HIO15,4.1805,2 936842 0.

1001641895 3 046746 0,

YO017.4.1895,4.128852 0,

Ak

*#C Guap element GAPUNT is used Lo connect the knife indentor and the cylinder,
**( Elements 561 through 517 are the elements defining the knife indentor,
L

**C For example. Element 501 is formed by nodes 10001 and [, Element 301 i
**Cof type GAPUNI {unidirectiongl gap element’ and is Inhelled 4 element
= ser GAPI



L3

*ELEMENT TYPE=GAPUNLELSET=GAP]
501,10001,1

*ELEMENT. TYPE=GAPUNLELSET=GAP2
502.10002.2

*Bl EMENT TYPE=GAPUNLELSET=GAFP3
503,10003.3

*EL EMENT, TYPE=GAPUNLELSET=GAP4
504,10004 4

*EL EMENT, TYPE=GAPUNLELSET=CAPS
505,10005,5

*FLEMENT, TYPE=GAPUNLELSET=GAP6
506,10006.6

*ELEMENT, TYPE=GAPUNI,ELSET=GAF7
307,10067,7

*ELEMENT, TYPE=GAPUNLELSET=GAPS
508,10008,8

*ELEMENT, TYPE=GAPUNLELSET=GAPY
309,10009,9
*ELEMENT, TY PE=GAPUNLELSET=GAP10
510,10010,10
*ELEMENT, TY PE=GAPUNLELSET=GAP !
511,10011,11

*ELEMENT, TYPE=GAPUNLELSET=CGAPI2
312,10012,12

*ELEMENT, TYPE=GAPUNLELSET=GAPI3
513,10013,13

*BLEMENT, TYPE=CAPUNI ELSET=GAP14
514,10014, 14
*BELEMENT, TY PE=GAPUNLELSET=GAP15
515,10015,15

*BLEMENT, TYPE=GAPUNLELSET=CGAF16
516,10016,16

*BELEMENT, TYPE=GAPUNLELSET=GAP17
S17,10047.17

sk

**C The *GAP command specifies the initial clearance between the gaps.
*+(* Note that the rigid knife indentor is tangent to the tube at node 1.
##¢" The element set is GAP1 for the gap element between node 1 and the indentor.
**(~ Therefore, the clearance for element set GAPL i3 0.0
##(" The clearance for the other element set is calculated using geometry.
E X

*GAP ELSET=GAPL

,-1.,0.0

*CAPELEET=0AP2

0159441000,

*GAPBLSET=GAPY

G.066365-1.0.0.

*GAP ELSET=GAP4

0.14275,-1..0.,0.

*GAPELSET=GAPS

6.252658,-1.,0.0.

*GAPELSET=GAPS

£.3072524,-1.0.0.

*GAPELSET=GAPY



0.561287,-1.,0.0.
*GAP ELSET=GAPS
0.757663,-1..0.,0.
*GAP ELSET=GAPY
(.980157,-1.,0..0.
*GAPELSET=GAPI0
1.227076,-1.0.0.
*GAP ELSET=GAP! |
[.496541,-1.0.0,
*GAP ELSET=GAPI2
L786502,-1.,0.0.
*GAP ELSET=GAPI3
2.094751.,0.0.
*GAP,ELSET=GAPI4
2418941,-1.,0.0.
*GAPELSET=GAPIS
2.75661,-1,0.,0.

*GAP ELSET=GAPI6
310518100,
*GAP.ELSET=GAP17
3462,-1.0.0.

Kk

** SHELL ELEMENT THICKNESS AND MATERIAL TYPE DEFINITION

**C Defining the thickness of the shell element and 5 (default) intergration polnis
**C through the thickness

k2

*SHELL SECTION ,ELSETmEWBE,MATEREAL:STEELI

0.255

#%

**..... ELASTIC PLASTIC ANALYSIS

*E

** The tube (ELSET=ETUBE) is assumed to be an
** elastic plastic material. The material constitutive
** properties from test data are used.

Ak

*MATERIAL, NAME=STEEL |

*ELASTIC

29510.,0.3

*PLASTIC

36.0,0.
3650015
370,03

B

**C Defining additional element sets needed to impose boundary conditions
e d

“¥ NSET CRADLE is the node set defining the nodes where the

** hiydrostone support along the hottom half of the tube gection

¥* iz provided during the indentation process. The support spans



** from the mid-span for about 24 inches.

EE

** Note that only the bottom part of the tube, subtended by
% an arc of 90 degrees (and not the bottom half of the tube
** subtended by an arc of 180 degj is supported. For this
** raason, the node set CRADLE starts from node 29 and not
** from node 19. :

%

#NSET NSET=CRADLE GENERATE

*+19,2239.37

#£7(3,2240,37

*+31,2241,37

*¥%72,2242.37

#303.2243.37

*434,2244,37

*425,2245,37

*%26,2246,37

**77.2247.37

*#78,2248,.37

29,2249,37

30,2250,37

31,2251,37

32,2252,37

33,2253.37

34,2254,37

35,2255,37

36,2256,37

37,2257.37

X

#* NSET TOP and BOTTOM are the node sets aleng the top and bottom edges
#% of the tube. These node sets define the symmetrical axis. NSET ENDTWO is
** the same as NSET END except that the inactive nodes (e.g, 8438, 8440)

** are pot included.
ok

*NSET NSET=TOP,GENERATE
1,8437.37

ok

*NSET NSET=BOT,GENERATE
37,8473,37

H%
*NSET,NSET=END2,GENERATE
B437.8473,2

3
*BOUNDARY
DENT ZSY MM
TGP YSYMM
BUT, YSYMM
KNIFEZ3
CRADLEA

=H

o

wi T Multi-point consiraints,

-6




**C The mesh around the dented areas are finer than elsewhere. The boundaries between
**C the fine and coarse mesh can have nodes that are not shared between the adiacent
**C elements. These nodes are constrained to displace in a parabolic manner, The

**C parabola is defined by the nodes that are shared by adjacent elements. For

**C example, the displacment of Node 58 and Node 132 are constrained

**C by a 2nd order polyromial (parabola) passing through Nodes 21, 95 & 169,

**C Nodes 21, 95 and 169 are shared by the adjacent elements of the fine and

**C coarse mesh. Nodes $8 and 132 are for defining the fine mesh only.

¥k

*MPC
2,890,889,891,893
2,892,889,891 893
2,894,893 %95 807
2,8596,893,895 897
2,898,897,899 901
2,900,897,899,901
2,902,901,903,905
2,904,901,903,905
2,906,905,907,509
2,908,905,907,909
2,910,909,911,913
2,912,909911,913
2914913915017
2,916,913,915,917
2,918,917 919971
2,920,917,019,921
2,922,921,923.925
2,924.921,923.925
*k

** The load is applied hy imposing a displacement on the

** MASTER node. The nodes at the ends of the tube are

** slaved, i.e. constrained to move as a rigid hody

** with respect to the MASTER node. The *EQUATION command
** imposes the Master-Slave refationship between the nodes.

%

*EQUATION

3

84373,1.,9999.3 .1 99995 4 18053

*EQUATION

3

8439,3,1.,9099 3 1.,9999.54.12585

*HQUATION

3

8441.3,1,9999 3 - L9999 5 3 03684

*EQUATION

3

B423. 38 Guu0 3 S9999.5 1628713

YEQUATION

3

2445319999 3 -1 S99896.5 3 20034
*EQUATION

3

B447.3.1.,9999 3 .1 LB999.5 2 69704
*EQUATION

1



8449.3.1..9999,3,-1,,9999,5,2.09475

*EQUATION

3

£451,3,1.,9999,3,-1.,9999 5,1.432893

*EQUATION

3

8453.3,1.,9999,3,-1.,9999,3,0.727499

*EQUATION

3

8455,3,1.,8999,3,-1.,9999,5,0.0

*EQUATION

3

8457.3,1.,9999,3,-1.,5999,5,-0.727499

*EQUATION

3

8459,3,1.,9999,3,-1.,9999,5,-1.432893

*EQUATION

3

8461,3,1.,9999,3,-1.,9999,5,-2.09475

*EQUATION

3

8463,3,1.,9999.3 -1.,9999,5,-2.69296

*FEQUATION

3

§465.3,1.,.9999,3.-1,,9999,5 -3.20934

*RQUATION

3

8467,3,1..9999,3 -1.,9999,5 -3.628213

*EQUATION

3

8469.3,1.,9999,3,-1.,9999,5,-3.93684

*BEQUATION

3

§471.3,1.,9999,3,-1.,9999,5 -4 1 2585

*EQUATION

3

8473,3,1..9999,3.-1.,9999,5,-4.1895

&k

«* The following EQUATION command constraints the nodes at the end
#% (called node set END2) to have the same amount of transverse
+* displacement as the MASTER ¢lement.

* &

*EQUATION

ENTYE ], L8908.1,-1

TS

==3aTA CHECK

E
#****#******#************#*******ﬁ*****#********’5*******ﬁ#**********:&-****iﬁ***&
=+ Step 1
ﬁ*=§‘-*'*Sﬁé@:*$**$$$$*$$¥$$*é&#***’*##*************#***##**iﬁféﬂﬁ****33*****&*#******#***
#k

#%C In step |, the rigid knife indentor i dispiaced 2.4 inches
w20 owards he tabe o simulate the indeatation process. [1is 2 strain

i
{3
r



**C control simulation, The mavement is displaced using the *BOUNDARY command.
“*C The 2.4 inch displacement is resulis in an indentation to diameter {d/D)
**C ratio of 0.25 after unloading the knife edge.

sk

*STEP,NLGEOM, INC=300

APPLICATION OF LATERAL DISPLACEMENT TO CREATE DENT
*STATIC

G051, LE-8.0.0

*CONTROLS, PARAME’TERS::P;‘ELD, FTELD:DISPLACEMENT

8.01, 1.0, 100

*CONTROLS, PARAMETERS:FIELD, FIELD=ROTATION

0.05, 1.0,,100.

*BOUNDARY

KNIFE,1,-2.4

*EL PRINT FREQ=0.§ UMMARY=NO

*PRINT ,CONTACT:YES,RESIDUAMNO

*END STEP
**#**************************#**********#*******%**************K***ﬁ************
> Step 2

**C In step 2. the apphied displacement of the rigid knife indentor is removed,

**C The removal is also strain control and is specified by the *BOUNDARY command.
*K

**C Read restart file from Step I and write restart fije for step 3 (this has been commented
**C out below, and is optional in the analysis).

ok

**RESTART, READ, STEP=1, INC=74, WRITE, FREQUENCY=999

F%k

*STEP NLGEOM,INC=50

REMOVING KNIFE EDGE LOADING

*STATIC

0.01,1.,1.E-4,0.2

*BOUNDARY

KNIFE,1,,0.0

*E]. PRINT,FREQ:G,SDMMARY:NO

*PRINT,CONTACT:YES,RESIDUAL:NO

*END STEP
*****************************#**************#*****&*******ﬁ****************ﬂ*$**
**C Step 3

**C In step 3, the elements defining the rigid knife indentor {GAP] through
**C GAP 17) are removed using the *MODEL CHANGE command. New boundary
“*C conditions are defined in FBOUNDARY, OF=NEW The support along the
“*C circomference below the dent {element ser CRADLE} is removed. The

#*C boundary that defines the symmetry of the menber remaing unchanged.
“*C The ends of the tobe ie aat altowed to move in the | and Zixand y)

**C directions as defined by *BGL‘Z’N@ARY,{}PmNEW‘FEXEE} command. The
“*C parameter FIXED specifies that the values of the variables are 1o remain
**Cunchanged from the last steps.

# ok

*STEPNLGEOM.INC=10

REMOVAL OF KNIFE EDGE LOADING AND APPLYING NEW BC
*STATIC

£



1.0,1,LE-4.1.0

*MODEL CHANGE REMOVE

GAPL ,GAFE,GAPS,GAF&,GAPS.GAP&,GAP’?,GAP&GA?@,GAP%D,GAPI I,
GAPI2.GAP13,GAP14,GAPI5,GAPI6,GAPLT

*BOUNDARY,OP=NEW, FIXED

DENT.ZSYMM

TOP,YSYMM

BOT.YSYMM

MASTER.1,2

*NODE PRINT NSET=MASTER, SUMMARY=NO

ULU2, U3 UR2

*NODE PRINT.NSET=END2,SUMMARY=NO

ULuU3

*NODE PRIN’I‘,GLOB&L«%YES,NSET:EENT,TOTALSzYES,SUMMARYmNO
U1,U2ZRFL,RF3

*EL PRINT,FREQ=0,SUMMARY:NO,}’OSYHONmNODES
*PRINT,CONTACT=YES RESIDUAL=NO

+*END STEP

*#************************************#*#**#***#$******#***********#*****#**%***
**+C Step 4
**#*##**********************************#********#********#**************&*****#
E2 g

#*( In this step, a concentrated load is applied at the MASTER element set.

#+C The RIKS solution method is used. Write out to restart file for post processing
**(C of the results obtained in Step 4

L3

*RESTART, WRITE, FREQUENCY=18

*STEPNLGEOM,INC=125

APPLICATION OF AXIAL LOAD

*STATIC, RIKS

0.005,1,,1.E-8,G.1

*CONTROLS, PARAMETERS=FIELD, FIELD=DISPLACEMENT

0.01, 1.0, 3G,

*CONTROLS, PARAMETERS=FIELD, FIELD=ROTATION

(.05, 1.0,,100.

*CLOAD, OP=NEW

$999,3,-100.0

*NODE PRINT.NSET=MASTER,SUMMARY=NO

U1,U2,U3,UR2.CF3

*NODE FILE NSET=MASTER, FREQUENCY=1

U.CF

*NODE FILE, NSET=END2, FREQUENCY=1

U

*NODE PRINT NSET=END2, SUMMARY=NO

FNODE ?RENT&E'&QBAE;‘{ES,NSE’?&%E&?’E‘Q’?&%S:&’ESﬁ’i‘s’i&&«%ﬁ‘{:ﬁ@
U2 RFLRES

+51. PRINT POSITION=AVERAGED AT NODES.FREQ=0
*PRINT.CONTACT=YES

*END STEP
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*ic#*x***#*#*******#********ﬂt******#*ﬁ**** EE S22 24 *******ﬂ«#*#*#****#*f#*#**‘**

b VIODEL DEFINITION OF TUBE All

** Dented, Internal Grout Repair wubular with dent depth = 0.251D,
*# damaged out-of-staightness = 0.0039L

ok File created by T.K. Soot and L.M. Ricles

** August 1996

ok Lehigh University

i'ﬁ***#*******#ﬂl&*#**************iﬂ*******#******#***#*#*****##***#5*%**##**ﬁs

#+FILE NAME: All_jmr2.inp

*+JOB NAME: All

+* ABAQUS Version 5.5

##( The analysis is broken into four steps.

s# Stage 1 The coordinates for the steel shell elements and grout brick

** elements are read from a file created from a previous analysis.

** Srage 2: Model definition (element conpectivity, material properties, boundary
** conditions, multi-point constraints, stc.).

*# Stage 3: Reading of the initial strain and assignment o the steel shell elements
wE to simulate the effects of dent damage.

#* Stage 4: Application of axial load (referred to as Step 1)

ok

*HEADING

SPECIMEN All

T

*RESTART, WRITE, FREQUENCY=12

Ak

*»@******#******#m***************************************a&*

ok NODAL DEFINITION
****#****#**s&****************s&***********************s****
**...‘-----w-_--..w-_-_.w-----,.---‘-«__.._-m._-._**

=% Steel tube and Grout **

S e i e e *%

+* Nodes for the steel tube and grout for layers 1 and 2

** are read in from inpui file named NodeZ25.inp.

#% This file is created by running an analysis of an undented tubular
#* to obtain the nodal coordinates and initial strain for the steel shell

*% elements

FZ

*NODE, INPUT=Node23.inp

* %

*HE

##_,»_'____Mw_____"m_'___«”____‘ww-_"#*

+* Center of specimen i
&k

FEH s e
#+ Nodes 400001 tirough 402665 are for solid elements
w Npdes 407665 through 402676 are for beam elements
k1

FNODE

a0, 0,0, 4

407663, 0.1272.0.0, 285

A2666, 0.246, 0.0, 400

400667, 0.375, 0.0, 500

402668, 0.525, 0.0, 60.0

2669, 0.691, 0.0, 70.0

A0AT0, D868, 0.0, 800

403671, 1.05, 0.0, 904



*%

*NGEN, NSET=CENTER
400001, 402665, 148
Aok

*NSET, NSET=NBEAM, GENERATE
402665, 402670, 1
£33

e LES
** Load Application Peint ok
e &k

*NSET, NSET=LDPOINT . GENERATE
402671, 402671

*NSET, NSET=GAGEPT . GENERATE
402669, 402669, |

o

*******#********************#**********#********##*****#**********

o ELEMENT DEFINITION

****************************************#*%*********************#*

#k
P ok
** 8 noded shell element to model the steel tube wE
B £
ok

*ELEMENT, TYPE=S 8R3.ELSET=ETURE
1.1,3,77,75,2,40,76,38

217,889,893,1041, 1037,891,967,1039,963
27L,1777,1781,2225 2221 1779,2003,2223, 1999
¥

*ELGEN, ELSFT=ETUBE

1,18,2,1,12,74,1%

217,94,1,6,148,9

271,9,4,1,2,444,9

L2 3

B #k
** Solid elements to maodel the groat %
e £
*ENote

** Elements 1001 through 1063 are defined such that they can be ‘unbonded'
** to the steel tube if flecessary. At this time, the model is such that

** they are completely bond.

** Elements 1055 through 1118 are defined such that they are completely
** bonded to the steel,

** 4 noded brick element

B e

“ELEMENT, TYPE=C3D8

1001, 100001, 200001, 200148, 100145, 1000058, 200005, 200153, 100153
HOS5, T008KY, 200889, 201037, 1037, 100803, 20893, 201041, 104]
1064, 1137, 201037, 201185, LIBS, 1041, 201041 201 189, 1189

P09, 1777, 200777, 200221, 2321, 1781, 201781, 2062225, 2225

EH10, 1781, 201781, 202225, 2225, 1789, 201759, 202233, 2213

E2 4

** 6 noded pie element

Bt

“ELEMENT. TYPE=C3D6, ELSET=[ 3.4

200, 200007 03, 460001, 200149, 0153, 400149



ZGOE‘EOGGGS,2OGO§9,4GGG61,EOG§53‘26615?,408149
Zﬁﬁ%,?ﬁ@ﬁﬂ?,209313,490@63,23015?,298161,&00!49
2004,2&0@[3,2006§?,406801.2601é11200%65,4603&?
2%@5,Eﬂﬁﬁi?gﬁﬂﬁﬁﬂl,éﬁﬁﬁﬂl,2@8165,2ﬂ61§9,%@%14§

Zﬁﬁé$26&%21,200029,4Gﬂﬂﬂi520&169,

200177, 400149

200?,2@0029?26063?,46@@81,200%??,29038§,48614?

£

2085‘26%???.265?8%,401?7?,2&2221,EOZEZS,éﬁZZZi
2086,203?812201?89,$0§7?7.202225,262233,%02221

298?,261?89*2&2?9?,431?77,262333,

202241, 402221

2688,201?97,201805,@0???7,262241,2622%95482221
2089,201805,201813,461777,282249,20225?,402221

%

*BGEN, ELSET=LAYERIA
1001,9.4, 1,6, 1489
1055,9,4, 1
1064,9,4, 1,5, 148, 9
*ELGEN, ELSET=LAYERZA
2001, 12, 148, 7
2002, 12, 148,7
2003, 12, 148, 7
2004, 12, 148, 7
2005, 12, 148, 7
2006, 12, 148, 7
2007, 12, 148, 7

%k

*ELGEN, ELSET=LAYERIB
1109, 2, 444, 5
1110,4,8,1,2,444,5
*ELGEN, ELSET=LAYER2B
2085, 2, 444, 5
2086, 2, 444, 5
2087, 2, 444, 5
7088, 2, 444, 5
2089, 2, 444, 5

e

% Additional element set
BE s b s e
*ELSET, ELSET=LAYERI
LAYERIA, LAYERIB

e

*ELSET, ELSET=LAYERZ
T AYERZA, LAYERIB

ek

0] SET, ELAET=ESLD

T AYERI, LAYERZ

X

## Peam elements

+pL EMENT, TYPE=B33
&01, 402665, 402665

*%

+EL GEN. ELSET=EBEAM
01,501

Ak




*ELEMENT, TYPE=R13, ELSET=SLEEVE
606, 402670, 40267;
EE 3

#****&********k********##***#**********#****#*x**&******************i*************
o SHELL ELEMENT THICKNESS AND MATERIAL TYPE DEFINITION

£+ 3
********:ﬁ***ﬂs****v&****2***#**%iz*#****#*w_ﬁ**x**ﬂt*#*#******#*#***#*************%****&
Wk
** Shell section for steel tube
L
*SHELL SECTION FLS ET:ETUBE,MATERIAL:STEEL 1
0.2497
R

** Solid section to define grout
A e

*SOLID SECTION, ELSET=ESLD, MATERIAL=GROUT
e

** Composite section for beam element
e

*BEAM SECTION, ELSET=EBEAM, MAT‘ERIALzSTEELE, SECTION=PIPE
3.88,0.2172 '

**4 1875, 0.127

0.6, 10,00

*k

*BEAM SECTION, ELSET=SLEEVE, MATERIAL=STEEL |  SECTION=PIPE
388, 02172

41875, {1127

0.0,1.0,00

sk

Hk CONSTITUTIVE RELATIONSHIPS e
oA oo oo o o ko o o o

************************************************$******
ok
** Steel tube,

** The data are from {ension tests
*MATERIJAL, NAME=STEFEL}

*ELASTIC

29500.,0.3

*PLASTIC

36.0

36.5,0.015

37.0,0.03

ik

*HOROUT

% Use material ype “CONCTRETE provided by ABAGUS,

©* The data are from grout teste, Use 80% of cube strength

% and assume elastic respinse up to 70% of the SUCSS-Sirn comrpessive
** strength ased in the amalysis {i.e., 0.36 times (he origmal cube strength)
*MATERIAL, NAME=GROUT

“ELASTIC, TYPE=ISO

3498 .18

*CONCRETE

5



334, 0.

4.78, 0.0035

*FAJLURE RATIOS

1.16,0.02

L3

w%___Acsume 3% of iension stress remnains across the cracked efement
*TENSION STIFFENING

1.0, 0.

0.03, 0.0003

* W

%
******#**********#*******#3*******************#**********##*#******#*

o BOUNDARY CONDITIONS o

******&a#***{k#******#****************#********##**#**#*********** EL 2 54

ok
E2

<

B i e i e e e o e

** Defining additional element seis needed to impose boundary conditions

** DENT

L2

*NSET, NSET=DENT, GENERATE
1,371

P

** TOP, BOTTOM, NEND

=+ Node sets along the top, bottom and end edges of shell elements.
*NSET.NSET=TOP,GENERATE
1,852,37

%89, 1629, 148

1777, 2665, 444

* %

*NSET.NSET=BOT,GENERATE
37,888,37

g25, 1665, 148

1813, 2701, 444

ko

*NSET, NSET=NEND, GENERATE
2665,2701,2

<

** NGRTSYM

E'2

#* Nodes that describe the symmetric half of the grout about the iong axis
*NSET, NSET=GRT_SYM, GENERATE
10001, 100889, 148

00001, 201777, 148

400001, 401777, 148

2000737, 201813, 148

100037, 100925, 148

&

202221, 202665, 444

207257, 202701, 444

£33

“NSET, NSET=NGRTSYM

GRT_SYM, 402221

k2




** DENT-G

ek

** Nodes that describe the Syminetnic half of the grout about the mid-span,
*NSET, NSET=N_LiL2, GENERATE

160061, 100037, 4

200001, 200021, 4

200021, 200037, &

*NSET, NSET=DENT-G

N_LIL2, 400007

L

** Set boundary conditions *#
K e W
*BOUNDARY

DENT ZSYMM

DENT.G, ZSYMM

TOP,YSYMM

BOT, YSYMM

NGRTSYM, YSYMM

LDPOINT, 1,2

*xk

*************************#*****************************

e MULTE-POINT CONSTRAIN ) **

******************************%************************

* %

A et ES
**  Shell Eiernents Hk
e ¥k
*MPC

QUADRATICSQO,SSQ,SQ 1,853
QUADRATIC,892,889,89 1,893
QUADRA'ITC,S%,SQS,SQS,SQ’J
QUADRAT{C,S%,SQZ%,SQS,SQ’?
QUADRATIC,SQS,89?,899,9()}
QUADRATIC,QOO,S‘)?,S‘}Q,QGI
QUADRATIC 902,901 903,905
QUADRATIC 904,901 903,505
QUADRA’HC,QO&QOS,QO?BGQ
QUADRAT’IC,QGB,Q%,QO?,QGE?
QUADRATIC,QEG,EPGQ,% 1,913
QUADRATIC,912,509,91] 913
QUADRATIC,914 91 3915917
QUADRATIC 916,91 3,915,917
QUADRATIC 918 91 7,919,921
QUADRATIC 920,67 7910021
QUADRATIC 527 673 3925
QUADRATIC 924 671 H23ans

L2 3

B e £ 3
¥ Grour *E
s 23
£33

** Constraints hatween the fine and coarse mesh at the tension side of tubge
£ Am“__gmﬁa__uﬁM_,uwuﬁ__)u“_,uAw,auAﬂu_Qu‘M_,wgh_~kg“_m,‘w__u‘,__kww_wg‘&

** Define Node sets aned uee them: 1w apply MPC
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®H

+NSET, NSET=FIX 1, GENERATE
200021, 201649, 148

*NSET, NSET=FIX_2, GENERATE
200029, 201657, 148

*NSET, NSET=FIX_3, GENERATE
200037, 201665, 148

*NSET, NSET=FREE_I, GENERATE
200025, 201653, 148

*NSET. NSET=FREE_2, GENERATE
200033, 201661, 148

ek

*MPC

LINEAR, FREE_I, FIX_ 1, FIX_
LINEAR, FREE_2, FIX_2, FIX_
*%

% Constraints between fine and coarse mesh at 3 diameter away from dent

2
3

*MPC

LINEAR, 201785, 201781, 201789
LINEAR, 201793, 201789, 201797
LINEAR, 201801, 201797, 201805
LINEAR, 201809, 201805, 201813

&k
*******#*************t****************#*****#*********#****************#***x*****x#**
** EQUATION CONSTRAINTS hid
********#*******************#***************#************************#*##*$*****$***
¥k

* % K

** ROUATION commands constrainis the shell elements at
** the beam junction to remain as plane section.

** The displacement fields of the bearm and shell must be
** compatible.

ok

*EQUATION
** Degree of Freedom 4, 5 and 6 rotation about x, Y and Z-axis

402665, 4, 1.0,2665,4,-1.0
2

NEND, 5, 1.0, 402665, 5, -1.0
.

P

AVI665, 6, 1.0, 2665, 6,-1.0

i

#% Megree of freedom 1t and 2, displacement about X and Y-axis

3

402665, 1, 1.0, 2665, 1,-0.5, 2708 1, 0.3
2

402665, 2, 1.0,26653,2,-1.0

E3 4
«# Degree of freedom 3, dispiacement in Z-axis

SO i e e s e et S e s 2720 —a




3665, 3, 1.0, 402665, 3, -1 .0, 402665, 5, 4.1555
?%6%5& 3, 1.0,402665, 3, -1 0, 402665, 5, 3.93684
56?3, 3, 1.0,402665, 3, -1.0, 402665, 5, 3.20034
gé??, 3.1.0.402665, 3, -1.0, 402665, 5, 2.00475
3

2681, 3, 1.0, 402665, 3,-1.0, 402665, 5. 0.727499
5685, 3, 1.0, 402665, 3, -1.0. H2663, 5, -0.727499
3689, 3. 1.0, 402665, 3, -1.0, 402663, 5, -2.09475
5693, 3, 1.0, 402665, 3, 1.0, 402663, 5, -3.20034
:2359?, 3, 1.0, 402665, 3, 1.0, 402665, 5, -1.93684
2701, 3. 1.0, 402665, 3, -1.0, 402665, 5, -4.1895
*

** Constrains between Shell elements (Tube), solid elements {Grouty  =#
e Broun * ek

**First, generate nodal sets
*k

**TUBE

K

*NSET, NSET=I1_a, GENERATE
1, 889, 148

37,925, 148

*NSET, NSET=[1_b, GENERATE
5, 893, 148

9,897, 148

13,901, 148

17,905, 148

21,909, 148

25,913, 148

29,917, 148

33,921, 148

*NSET, NSET=II

l_a b

%

**GROUT

*NSET, NSET=If_s, GENERATE
100601, 109889, 148

100037, 100925, 148

*NSET. NSET=1J b, GENERATE
100005, 100893, 143

100009, 100897, 148

100013, 100901, 148

160017, 100905, 148

100021, 100909, 148

100025, 100913, 148

g
s,

H
R



1000729, 100617, 148

100033, 100921, 148

*NSET, NSET=1

Jallld

wE

*EQUATION

4

1,1, 1L -1

2

15 2. 1,70b 2,1

Ak
**#*****#********#*********%**#*#*#********ﬂ****************#
*k Read Initial Stress from file L

** File name: Res_l10.inp
*************t**$*****#******#***#***********#***********#**#

X

*%

«*INTTIAL CONDITIONS, TYPE=STRESS, INPUT=Res,_ 10.inp
woke

*VIEWPOINT

=1 1.1

*+SHRINK

#=*[RAW

=*DATA CHECK

* ok
*$**#***#***********i**********************************#****#*****#*************

O Step |
****#******************#*****************#*********#****************************
##C [n this step, a concentrated load is applied at the MASTER element set,

#*( The RIKS solution method is used. Write out to restart file for post Processing
x%(C of the results obtained in Step 1

*STEP,NLGEOM,INC=150

APPLICATION OF AXIAL LOAD

*STATIC, RIKS

0.025.1.0,1.E-12,0.1

*CONTROLS, PARAMETERS=FIELD, FIELD=DISPLACEMENT
0.05,1.0,,100.

*CONTROLS, PARAMETERS=FIELD, FIELD=ROTATION

0.1,1.0,,100.

*CLOAD

LDPOINT,3,-100.

. *NODE PRINTNSE ~L DPOINT, SUMMARY=NO

1,02, U3, UR2.CF3

#NODE FILENSET=LDPOINT, FREQUENCY=1

UOF

“NODE FILE, NSET=GAGEPT, FREQUENCY =1

U

*NODE FILE, NSET=DENT, PREQUENCY=I
U
*NODE ?REN’T,GLOBAIﬂ"fES,.?%SET:{BEN{?GTALS%YES‘S’UMMARE’:NG
U1,UZRF1RE3

#NODE PRINT, GLOBAL=YES. NSET=DENT-G, TOTAL=YES

U1, U2, RF1 RF3

*BL PRINT POSITION=AVERAGED AT NODES FREQ=0

*PRINT, RESIDUAL=YES

*END STEP
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Table E.1 Non-Repaired Specimen Geometry

D t d, L 3, E, F, end | P,
Ref. | Spec. | () | Gn) | Gn) | Gn) | (n) | (ks | (ksi) %{f:;*- {Kip)
8 A1 8.626 0.247 0.868 178.800 0125 25071 34.800 G.000 1410
8 AZ 8.624 (.246 0,867 178,800 0107 29071 34,8066 1.725 21.6
8 B 8.631 3,188 (.862 178,800 2,161 30714 33.400 (3.00G 88.0
8 Bz 8.636 0,186 (1.881 178.900 {465 30714 33.400 1,725 52.0
g 1 8.842 3,134 .86 180,100 0.218 30800 3g 400 G000 G7.0
8 jord 8.6843 3,188 0,881 186,100 0.126 30800 39.400 1.725 46 0
10 A3 2.504 0.083 0.116 84 850 (.466 28716 32.800 0.600 9.8
10 B3 3,181 (068 4.250 84 850 0.423 31037 28.700 0.680 g7
10 B34 3.130 (067 0.034 B4.650 0.423 28281 29.000 0.000 114
10 3 4,008 0.068 0,135 84650 0.034 28571 33,800 0,000 215
10 C4 4,005 0.068 0.061 84.650 0.043 30022 38.500 (0.000 258
10 03 3.544 ¢.041 ¢.130 84,650 (0.026 J3647 £8.000 2,000 18,1
10 D4 3.545 0.041 0.478 84,650 (0.085 32052 68.200 3.000 201
11 Fa 15.980 0.390 1.880 305300 .550 21037 42.480 0.000 482 4
11 F23 2.626 4.063 0,330 52170 03,261 30082 35.740 0.000 g.2
12 PiA 1,764 0.038 3.165 42,400 0.081 30022 51.340 G.000 6.4
12 BiA 1.754 0.065 0.248 35,430 .081 30022 63,470 2.000 111
12 A1B 1.754 0.065 0.233 35,430 4.050 30022 62.470 0.000 11.8
12 RiC 1.7558 4.066 (.240 35.430 0.032 36022 69.470 0.000 13.6
12 R2A 1.747 0.062 0.241 35430 0.074 30022 68.89C G.000 i1.8
12 P10 1.754 0.037 0.311 42 400 0.157 30022 51.340 {3,000 38
12 . P20 1.754 0.038 0,161 21.220 0.028 30022 51.340 0.0C0 74
13 Q1A 1752 (.08 $3.032 35.430 0.3685 30022 71.070 0.000 9.3
13 B 1,751 0.050 0.247 35.430 (.624 30022 71.07G (.000 5.4
13 Q10 1.751 0.050 (.364 35,430 1.028 306022 71070 {.000 3.8
13 Q&_ﬁi 1.751 0,050 3.012 35,430 0.244 30022 83.540 0.000 11.8
14 1ABB 4.728 (.039 0.182 98.425 0.051 29500 42.060 0.000 152
14 1ACE 4,717 .038 0,274 98425 6,171 29500 42.060 {3,000 11.7
i4 1ACC 4.722 0.038 0313 98.425 0.117 28500 42 060 (.000 13.8
14 1ADB 4.721 (1,039 (.461 98 425 0.116 29500 42.080 0.000 10,7
14 1ADC 4.730 0.039 0.547 98,425 0.182 20500 42.080 0.000 9.8
14 1AEC 4,720 8.040 1.012 98.425 8,701 29500 42.060 $.000 5.5
14 18388 4,943 (.048 0.195 98.425 (.046 285060 45,250 0.000 23.8
14 18CH 4812 0.049 0,259 98.425 0.126 | 29500 45250 0,000 21.2
14 18CC 4,928 0.048 G, 280 98.425 0.074 29500 45.250 0000 20.6
4 1808 4.938 (4.049 0.564 98.425 3.092 20500 45 250 Q.000 16.3
14 180C 4,846 Q.050 0.531 98,425 (.158 28500 45280 £.000 16,0
14 1BEC 5073 0.050 1.000 98 425 0,438 28500 45,250 0.000 12.1
14 1CBB 6.335 0.058 (.130 08 425 0.048 29500 42,780 4.000 33.6
14 1CCH 5.331 0.059 0.327 98 425 $.038 28500 42.780 G.000 277
14 1CCC 5331 0.060 0.406 98,425 0.074 28500 42,780 {.000 25,7
14 1608 5.324 0,056 0.618 98.425 (.188 28500 42.780 (.000 18.0
14 100 5.331 3.058 (0.743 498 425 0,235 28500 42.78G (000 17.8
14 1CEC 5.320 0.06C 1.225 98.425 {0,859 29500 42. 780 0.000 10.1
k] AG 8 637 (0.253 1.257 177.880 0).343 28510 38.000 0.000 141.0
4 86 a.621 {3,189 1.201 178190 G274 28940 A8.000 0.000 30.0
& 6 8,580 0127 1.280 180,500 0.320 30220 40.000 3,000 82.0
o AR 4,625 2R3 2,575 177250 1,761 28510 34,000 0,000 820
G £ 8825 3127 2 5ok 1805006 380 30220 34.000 G000 3.0
g i 5618 0.138 0,839 183750 3472 30804 44 GO0 2000 BEL
G 817 8617 (.189 707 179,600 ;.568 289840 42,000 3000 #4440
2] ALl 8.628 0.255 2.188 177.180 1,140 28510 38000 §.000 G8.0
9 C10 8.585 3,127 2,148 180.500 .944 30220 30.000 0,000 37.0
g Al2 8.625 4.253 4,235 177.000 3,075 28510 36.000 .000 8.0
g o112 £.608 0,125 4,258 180000 2,732 30220 40,000 2.000 14,4
4 1-At 5 5157 G.1814 04528 7B.74 0.1388 29007 40.6 4 74.5
4 2R 5 5157 31654 3 4646 TE74 1378 28000 408 Q 738
4 G341 55187 0.1614 3.4567 T4 09,1318 29000 40.8 G Ear:]
4 L0y 4 55557 1814 (,2835 TR 74 0.0547 HUO00 45,6 9] 84 4
4 S-A7 5Ei57 31814 2835 FH.T74 5.06547 28000 Hi B 5 85,1

[

£




Table E.1(cont’d) N

on-Repaired Specimen Geometry

D t d, L 3, E, F, end P

Ref. | Spec. {in.) {in.) {in) {in.j {in.} ks {ksi) 9‘?;9;‘*- {kip)
3 PP 15.00 0.26 0.71 3335 | G300 | 29500 | 427 0.60 328.0
3 PiF 15.00 0.26 0.74 3528 | 0370 | zosop 427 0.00 415.0
3 PiPS | 394 0.06 0.20 .42 0000 | 29800 | ass 0.00 23.3
3 pop 17.03 | o0ars 237 3485 | ose0 | zusmp 571 0.25 516.0
3 P2F 17.01 0.375 23 3478 1 0940 | 20800 57.1 0.00 768.0
3 P2PS | 548 g.118 0.74 1133 ] 0380 | 20800 | a9 0.00 434
3 P3PA | 2450 | 0321 1,26 3435 | 0020 | z9s00 59.3 0.30 950.0
3 PEPB | 2650 | 0221 3.54 3435 1 0300 | 298500 59.3 0.40 §20.0
3 B4p 1875 | 0197 2.58 3135 { 0980 | 2usgp 553 C.00 283.0
2 D1-32 | 533 0.178 0.53 1054 | 0448 | 30297 5C.8 0.00 83.2
2 D1-33 | &833 0.178 1.06 1054 | 1181 | 3oeg7 49.3 0.00 56.3
2 D1-35 | ss52 0.118 0.55 1084 | 0433 | afosg 53.4 0.00 58,5
2 D138 | 552 0.118 1.10 1054 | 0345 | 31pag 58.0 0,00 33.5

.4




Table E.2 Internal Grout Repaired Specimen Geometry

Ref. |8pec.; D H d, L 3, E, F, f E, end | P,
ny | (n) | (in) iny | (n) | (ksi) | {ksb) {ksi) | {ksi) 99?:’:‘- (k)
(i3, 7
g A7 865 .28 1.3 178 0,331 | 20800 39 5.54 3610 0 243
3 57 T 5ea | 019 | 129 | 180 | 0335 120000 | 9 564 | 3650 0 211
P a7A | 863 {0189 | 13 | 180 | 038 129900 42 | 597 | 3750 0 203
9 o756 | 863 | 04189 | 129 | 179 | 0395 | 20800 | 41 251 | 2430 0 183
g 7 1 ges 0127 | 126 | 181 | 00347 | 30200 } 40 64 | 3890 0 111
9 a5 | 863 | 0253 286 | 78 | 167 120500 | 97 538 | 3560 | O 139
9 Cg a6 | 0128 | 258 | 181 | 106 | 20500 7 42 & | 3760 | O 81
5 a1 1 563 | 028 | 247 | 178 | 105 129500 | 99 597 | 3750 |0 158
3 oir 1 8es | O.126 | 219 | 181 | 0812 | 30200 | 38 59 | 3730 | © 104
g a1 | 863 | 0253 | 432 | 178 | 375 |29500 3 30 769 | 4260 | O 50
) eia | 86 0125 | 428 | 180 | 298 | 30200 42 | 7.55 | 4220 0 40
8 3 T 863 | 0247 | 0857 | 179 | 0107 128100 4 848 2438 | 2910 | 173 | 191
8 55 1 863 | 0187 | 0.863 | 179 | 0.187 | 30700 334 | 3.89 | 3070 | 173 | 117
8 ca 1 864 | 0435 | 0.86 | 180 | 0162 | 30800 ag.4 | 6.89 | 3080 | 173 j 122
5 A2 + 75 | 0.054 1 0127 494 | 0.049 | 29800 | 851 4,63 2350 | 0.012 15.6
5 B1 T56 1 0.055 | 0.246 | 49.4 | 0,013 | 29500 | 817 363 | 2380 | 0024 | 138
5 a5 1 176 | 0.085 | 0.223 | 49.4 | 0.228 | 29500 Ba6 | 463 | 2390 | 0.088 | 10.7
5 o5 1275 | 0.056 | 0207 | 73.2 | 0005 | 29500 76 | 4.63 | 2380 | 0037 | 278
5 1275 | 0085 | 0398 | 732 | 0.031 {20500 | 73 & | 463 | 2390 | 0.039 | 233
5 o2 1275 | 00865 | 0411 | 732 | 031 |29500 w51 | 462 | 2as0 | oost | 197
5 E1 756 T 0058 | 0192 | 494 | 0.288 | 29500 | 53:4 428 | 2270 {0019 | 8B
5 £2 T 175 | o088 | 027 | 49.4 | 0007 | 29500 509 | 428 | 2270 | 0.008 | 121
6 F1 55 T o.028 | 0248 | 52.6 | 0.087 | 28500 | 26 228 | 2160 | 0.004 | 54
6 a1 1275 | 0055 | 01931 75 | 0004 | 29500 318 | 228 | 2160 | 0003 | 205
6 o5 | 275 | 0.055 | 0396 | 75 | 0.044 } 20500 a6 | 228 | 2160 | 0008 | 195
5 a5 | 275 | 0055 | 0346 | 75 | 032 | 29500 ma6 | 228 | 2160 | 0.01 ] 142
5 1 35 | 00681 | 05 76 10466 | 20500 | 324 | 228 | 2160 | 0009 | 298
1 Al 55 | 005 ] 0179 | 354 | 0.046 29500 | 75.2 623 | 1590 | O 127
1 T 776 | 0.049 | 0182 | 354 | 0036 ] 29500 1 752 107 | 1590 0 19.2
1 a5 1 175 | 0049 | 0221 | 354 | 007 ;29500 52 | 623 | 1590 | O 14.4
1 T 775 o048 | o242 | 354 | 0.072 129500 | 75.2 10.7 | 1590 0 16.2
1 =T 175 | 0049 | 0181 | 35.4 | 0.062 |29500 | 75.2 10.7 | 15320 0 217
1 B1 T55 {0063 | 0.185 | 854 | 005 129500 1 75 623 | 1500 | ¢ 18.7
1 o2 T 175 | 0063 | 0.185 | 354 | 0042 120500 4 75 107 | 1590 0 20.6
1 53 1175 | 0063 | 0232 | 354 | 0088 | 29500 75 | 623 | 1590 0 14.8
1 me 175 | o062 | 0251 | 354 | 0.075 [ 29500 | 75 107 | 1590 | 0O 15.9
1 c1 = 10404 | 0131 | 614 | 0021 }29500 )} 72.9 10.7 | 1590 0 84.3
1 c2 T o104 | 0431 | 614 | 0.011 [ 20500 | 729 4 107 1590 0 935
1 D1 =T D04 | 0.468 | 614 | 0.185 29500 | 733 10.7 | 1590 0 50.4
1 D2 5 T 0104 | 0472 | 614 | 0171 129500 1 733 10.7 | 1590 0 577
1 F1 7T o416 | 0292 | 713 | 0.086 | 29500 | 87.3 107 | 1590 0 83.4
1 F2 5 T o126 | 0289 | 71.3 | 0.088 | 29500 | 673 107 | 1580 | O 74 4
1 G1 3 513 | 028 | 61| 0043 {29500 1 70.5 | 107 4 1 590 o 82.1
1 G2 3 ois | 0288 | 61| 0.069 | 29500 | 705 | 107 1530 0 87.2
1 oy =1 5428 | 0203 | 50.8 | 0053 1209500 | €84 } 107 1590 | O 85.7
1 #i2 7T o128 | 0,287 | 50.8 | 0086 | 29500 | 8.4 107 | 1590 ¢ O 6.1
J1 T o063 | 0307 | 728 | 0.073 [20500 | T4 07 | 1590 5 44.3
3 42 =1 hosa | o299 | 728 | 0129 29500 | 74 o7 L1880 | O 42.7
1 €3 o065 | G288 | 622 | 0093 129500 | 724 07 | 1590 . O 53 8
5 K2 T hoea | 0297 | 622 | G047 289500 724 67 | 1580 1 O 515
1 L1 3 o083 03011 5 nohs | 29500 | 727 1 167 | 1580 o 55 1
1 2 =T o063 | 0297 | 62 | 0044 | 20500 § 727 07 | 1580 |0 59.9
1 M1 + Vo007 | o288 | 717 | 0.069 29500 | 719 07 | 1596 | © 58.2
1 M2 S 10107 | 0293 | 717 | 0.063 [ 29500 ) 719 67 ! 1580 | O 89.3
1 N1 T T o104 | 03 | 614 | 0108 | 29500 | 708 07 | 1590 | O 53.4
{ NZ T o104 | 0304 | 614 | 008 | 20500 | 708 10.7 | 1590 o 71.3
5 o1 ST o196 | o | sia | 011 120500 | 898 197 | 1580 o 79.4
1 02 e | G4 | Biz | G047 129800 | 698 o7 | 1590 [ O 76.4
3 T | B4 owis | 116 ] 183 0 03 Sonot | 463 | 107 1 1890 o 447
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Table E.2(cont’d) Internal Grout Repaired Specimen Geometry
Ref. {Spec.] D t d, L 8, E, F, f, E, | end P
{in} | (in) (in) | (in.) (in.} | tksi) | (ksi) (ksi} | (ksi) e‘f::*;“* (k)
Irs,

1 G2 | 864 [ 0318 ] 114 | 193 | 082 |oocns 463 | 107 [ 1500 | o 476
1 98 | 864 10319 10809 | 193 1 069 29500} 463 | 107 | 18580 1 o 430
1 Q4 | 884 | 0321 [ 0818 | 193 | 525 295001 483 | 107 | Y595 1 o 544
7 J1 &7 10056 | 0248 | 642 | 0195 | 280001 352 518 | 1980 | 0 111
7 2 | 27 1005 0194 | 842 | 0287 T 57100 381 | 518 | 1980 | o 125
7 J3 27 1005 | 0208 | 642 | 0235 | 25200 4a 7 518 | 1980 | o 12.4
7 J4 2.7 10057 [ 0194 | 642 | 0244 | 25000 375 518 | 1980 | o 12.5
7 Js &7 10085 10319 | 642 | 0013 | 256001 365 518 | 1980 | o 14
7 J6 27 10085 | 0311 ] 642 10011 | 26000 575 518 | 1980 | o 144
7 Kt 27 10056 ] 0203 | 898 | 6350 | 26200 a62 518 | 1980 | o 93
7 2 |27 1005510219 | 898 | 0.047 | a5600 385 | 518 | 1980 | o 93
7 K3 .27 10056 ] 0311 | 895 | 0.007 | 26000 38.5 | 518 | 1980 | 0 14.1
7 Ke | 27 100560308 | 898 | 6.02 | 22600 378 | 518 | 1980 | 0 12.1
7 I 27 10082 10275 | 758 | 6212 | 26200 334 273 | 2160 | © 13.5
7 12 27 | 0053 | 0268 | 758 | 0235 | 27500] 433 273 | 2160 | © 10.7
7 i3 £7 10054 | 027 | 758 | 0243 | 25100 536 273 | 2180 | 0 10.1
7 e 1 .27 [ 008 [0394 | 758 | 0os3 | 4300 317 1 227 [ 2160 | o 13.8
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